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ABSTRACT
CIpA, a member of the Hspl00/Clp subset of the AAA+ superfamily, is an energy-
dependent chaperone, disassembling and remodeling its protein substrates. CIpA also
serves as the ATPase component of the ClpAP protease, where it is resonsible for binding
specific substrates and unfolding and translocating them into its partner ClpP, the
proteolytic component of the complex. We have used single molecule and traditional
biochemical experiments to probe the mechanism of the unfolding and translocation steps
of ClpA's enzymatic activity. We have identified two states of varying substrate
affinities and shown that the conformational switch between these states is responsible
for protein translocation. We have also investigated ClpA's autounfolding activity and
have demonstrated that though CIpA can disaggregate some substrates in vivo, it does not
act as an autodisaggregase.
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Chapter One
ClpAP: An Introduction
1.1 IMPORTANCE OF PROTEOLYSIS AND CHAPERONE ACTIVITY IN
VIVO
1.1.1 Proteases
Protein degradation plays an essential role in the workings of cells from all branches of
life. Initially studied for its role in basic metabolism, protein catabolism provides a
mechanism by which amino acids can be recycled, particularly during times of starvation
(Goldberg and Dice, 1974; Goldberg and St. John, 1976). Our understanding of
intracellular proteases has since expanded to cover hydrolysis of dysfunctional and
regulatory proteins (Gottesman, 2003). Genetic and biochemical studies in the 1970s and
1980s identified the ATP-dependent Lon protease in E. coli as the enzyme responsible for
destruction of specific protein substrates accumlated in the cell (Charette et al, 1981;
Chung and Goldberg, 1981). Later, after lon- mutants were found to maintain significant
proteolytic activity, the two component, ATP-dependent Clp proteases were discovered
(Hwang et al, 1987; Katayama-Fujimara et al, 1987). These proteases, ClpAP and
ClpXP, have been extensively studied since their initial discovery, yet their exact
molecular mechanisms remain to be elucidated.
One of the major sets of substrates for ATP-dependent proteases are unfolded
and/or misfolded proteins, which, when unchecked, can aggregate and lead to prion and
amyloid diseases in multicellular organisms (Wickner et al, 1999). Proteases also play an
important role as checkpoints in cell cycle regulation by selectively degrading key
proteins such as transcription factors or signal transduction proteins (Gottesman, 2003).
Proteolysis may be especially important in non-growing cells, where dilution no longer
plays a role in ridding cells of protein signals that are no longer beneficial (Weichart et
al, 2003).
Many enzymes that catalyze the degradation of cellular proteins are energy-
dependent. These enzymes are generally large, oligomeric, barrel-shaped machines that
tend to be highly regulated, although the nature of this regulation is still under
investigation (Gottesman, 2003). In E. coli, energy-dependent degradation of proteins
occurs in five such machines: the cytosolic proteases CIpAP, ClpXP, Lon, and HslUV,
and the membrane-bound FtsH.
1.1.2 Molecular Chaperones
Misfolded proteins may be proteolyzed as described above, but a less severe treatment is
also possible: unfolding and refolding by one or more cellular chaperones. In addition to
protein disaggregation, molecular chaperones also play a role in preventing proteins from
misfolding in the first place. Chaperones form a large class of proteins present in all
kingdoms of life and include such well-studied members as DnaK/Hsp70, DnaJ/Hsp40,
and GroEL/Hsp60, in addition to the Clp/Hsp 100 family member ClpB (Gottesman et al,
1997; Bukau et al, 2006). Squires and Squires (1992) first speculated that the energy-
dependent component of the ClpAP protease, ClpA, might also function as a molecular
chaperone under certain circumstances, and subsequent studies have demonstrated
ClpA's ability to function independently of ClpP (Wawrzynow et al, 1996).
1.1.3 ClpAP in vivo
Clp and its homologs are widely conserved and have been identified in the genomes of
many organisms, including chloroplasts, human mitochondria, and most bacteria
(Gottesman, 2003). In E. coli, results from early quantitative Western blot studies
suggest that ClpAP makes up about 0.05-0.1% of the cell protein by mass, a value
comparable to Lon protease, also estimated to constitute -0.05% of cell protein
(Katayama et al, 1988). More recent studies have ascertained the approximate number of
Clp proteins present at various phases of bacterial cell culture. Table 1-1 summarizes the
results of this work conducted by Farrell et al (2005). (Similar cellular levels for ClpA
and ClpS have also been reported by Dougan et al, 2002a.) The amounts of ClpA and
ClpP increase as cells enter stationary phase, consistent with the hypothesis that ClpAP
plays a role in degrading regulatory proteins that are not sufficiently reduced by the
dilution inherent to cellular division during the exponential phase. It is also possible that
increased levels of ClpAP are partly responsible for transition to stationary phase. Unlike
many other cellular chaperones, neither clpA transcription nor ClpA translation is
increased by heat shocking cells (Katayama et al, 1988).
Table 1-1. Approximate quantities of various components of ATP-dependent Clp
proteases in Escherichia coli X90 cells (from Farrell et al, 2005). The amounts of ClpA
and ClpP increase as cells progress from exponential phase to stationary phase.
Protein Role Number Per Cell
Exponential Phase Stationary Phase
ClpP Proteolytic -100 tetradecamers 250-300
component tetradecamers
ClpA ATPase partner to 40-50 hexamers -150 hexamers
ClpP
ClpX Alternate ATPase -75 hexamers -100 hexamers
partner to ClpP
ClpS Adaptor protein to 250-300 monomers 250-300 monomers
ClpA
SspB Adaptor protein to -140 dimers - 160 dimers
ClpX
The in vivo role of Clp proteases was initially difficult to determine because clp-
mutants have normal phenotypes under most circumstances, no doubt due in part to the
overlapping functions of the various ATP-dependent proteases (Squires and Squires,
1992). Wild-type cells show no evident advantage over clpA- cells during ammonia or
glucose starvation (Katayama et al, 1988). More recent studies have shown that ClpP is
an important factor in maintaining bacterial virulence in many pathogens, including
Listeria monocytogenes, Salmonella tymphirmurium, and Streptococcus pneumoniae
(Porankiewicz et al, 1999). clpP- cells are slow to recover from a shift to nutrient poor
media and are slower to recover from stationary phase after dilution into new media than
wild-type cells (Damerau and St. John, 1993). clpA-clpAXclpP- cells accumulate many
more proteins than their wild-type cousins, particularly during stationary phase. It is not
clear whether this accumulation results from a failure to degrade the proteins themselves
or from a failure to degrade an upstream regulator of the excess proteins (Weichart et al,
2003).
Our current understanding of ClpA's role as a chaperone and as a part of the
ClpAP protease is summarized in Figure 1-1.
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Figure 1-1. Overview of ClpAP activity. ClpA monomers and dimers form hexamers in
the presence of ATP. ClpA hexamers can by themselves bind, unfold, and release
misfolded substrates (upper branch). Alternatively, ClpA hexamers can combine with a
ClpP tetradecamer to form the CpAP complex; here, CipA binds, unfolds, and
translocates substrates into the CIpP chamber, where they are proteolyzed into peptide
products that are finally released into solution (lower branch).
1.2 STRUCTURE OF ClpAP
1.2.1 Structure of ClpA
1.2.1.1 General information
In the presence of ATP and under cellular conditions, ClpA is a homohexamer. Each
monomer subunit is a single polypeptide chain of 758 amino acids with an approximate
molar mass of 84 kilodaltons and a pl of 6.3 (Gottesman et al, 1990). ClpA is an AAA+
protein, a member of the large superfamily of ATPases associated with various cellular
activities. Members of the AAA+ superfamily contain one or more AAA domains that
bind and typically hydrolyze ATP (Neuwald et al, 1999). Each ClpA monomer contains
two such AAA domains (Figure 1-2); the domain closest to the amino terminal is termed
D1, whereas the carboxy terminal domain is referred to as D2. Each of these AAA+
domains consists of a large and a small subdomain. In addition to these domains, ClpA
also contains a 142-residue N-domain at its amino terminus. The x-ray crystal structure
of the ClpA monomer, determined in 2002 by Guo et al, showed that these domains are
linked by flexible loops. The structure also revealed ClpA's SRH (second region of
homology) motif, located at the DI-D1 interface of neighboring subunits (Guo et al,
2002a). SRH motifs are shared by AAA family members, a subset of the AAA+
supergroup of proteins (Neuwald et al, 1999).
Large
D1
Figure 1-2. Structure of ClpA (PDB: 1R6B).
The N-domain is shown in blue; the Dl large
and small sub-domains are shown in red and
pink, respectively; the D2 large and small sub-
domains are shown in green and yellow,
respectively. The short loop connecting the N-
domain to the Dl domain was not visible in the
crystal structure. The N-terminus is indicated by
an asterisk.
1.2.1.2 N-domain
N-domains are common to all AAA+ proteins and appear to be involved in tailoring
substrate specificity (Mogk et al, 2004). Sequence alignment of bacterial and plant ClpA
homologs shows relatively low overall sequence conservation within the N-domains, but
certain sequence patterns do emerge, particularly among hydrophobic residues (Lo et al,
2001). ClpA's N-terminal 153 amino acids have been expressed as an independent unit
that is soluble and elutes off a gel filtration column as a monomer (Singh et al, 2001).
The ClpA monomer crystal structure shows the N-domain to be a pseudo-dimer of two
-75 amino acid four-helix bundles (Guo et al, 2002a). Crystallographic studies of the N-
terminus with and without the ClpS adaptor protein show that the flexible, largely acidic
loop between the two components of the pseudo-dimer becomes better ordered on CIpS
binding (Xia et al, 2004).
Although ClpA's N-domain differs significantly from that of ClpX, both feature
zinc-binding motifs whose function is not yet known. Crystal structures of the N-domain
of ClpA show a Zn2+ ion with tetrahedral geometry, bound to His20, His22, Glu63, and a
water molecule (Guo et al, 2002b, Xia et al, 2004). ClpX's zinc binding site, on the other
hand, is formed by chelation from four cysteine residues. It has been postulated that the
zinc binding sites aid in peptide binding and/or N-domain stability, but no definite role
has yet been assigned (Maurizi et al, 2004).
Several studies have suggested that ClpA's N-domain is mobile. The contact
points between the N-domains and the Dl domains in a hexameric model based on the
monomeric crystal structure are relatively few, and the linker between these two domains
is a flexible loop (Guo et al, 2002a). Cryo-EM studies show that the N-domain
undergoes large-scale movements of 30 angstroms or more (Ishikawa et al, 2004). The
N-domains of other AAA+ proteins, including p97 and N-ethylmaleimide sensitive factor
(NSF), are also mobile (Hanson et al, 1997; Zhang et al, 2000). The role of these N-
domain movements is not yet known, though it has been speculated that the movements
may help direct substrates to the D1 domains where substrate binding may occur. The
movements of the N-domain have also been suggested to act as an "entropic brush,"
clearing the Dl domains of non-productively bound substrates (Ishikawa et al, 2004).
Other models of N-domain function are based on its high density of hydrophobic
residues. The domain contains many proposed sites of aromatic-aromatic protein-protein
interactions that may play a role in initial substrate binding (Xia et al, 2004), increasing
the effective concentration of unfolded protein substrates near the putataive Dl binding
sites. The N-domain plays a further role in determining substrate specificity by
interacting with the ClpS adaptor protein (Dougan et al, 2002a).
Several studies have used engineered ClpA mutants missing their N-domains
(ClpAAN) to help decipher the role of this portion of the protein in substrate processing.
ClpAAN mutants are stably folded and are hexameric in the presence of ATPyS, a non-
hydrolyzable ATP analog (Lo et al, 2001). The N-domain is therefore not essential for
ClpA oligomerization. The mutants also maintain full ATPase activity (Singh et al,
2001). Interestingly, ClpAAN supports the ClpP-mediated proteolysis of some but not all
substrates. Casein, a protein lacking a stable folded structure (Susi et al, 1967), is
degraded more slowly by ClpA(AN)P than by wild type ClpAP, as is the DNA-binding
protein RepA. On the other hand, GFP-ssrA, a fully folded tagged protein substrate, is
processed with little change in kinetics from the wild-type ClpA (Lo et al, 2001; Singh et
al, 2001; Xia et al, 2004). Thus, it appears that the N-domain's structure and mobility
allow it to loosely bind unfolded substrates and direct them to ClpA's interior surfaces,
where they are unfolded and translocated into ClpP.
1.2.1.3 AAA domains
Classical AAA proteins typically contain one or two AAA modules; a select few proteins
have as many as six, such as the huge dynein heavy chain subunit. Each module contains
-220-250 residues that share about 30% sequence identity; the modules also have a
common structural fold (Neuwald et al, 1999; Vale, 2000). Each module consists of two
subdomains: a larger subdomain containing a 3 sheet surrounded by c helices linked by
a mobile loop to a smaller C-terminal helical subdomain. Walker A and B motifs
responsible for ATP-binding line the gap between the two subdomains; this area also
contains the 'sensor 1' and 'sensor 2' motifs that detect and respond to the nucleotide
state of the domain (Neuwald et al, 1999, Lupas and Martin, 2002).
Monomers of ClpA and the structurally similar ClpB each contain two AAA
modules, while ClpX and HslU each have just one. The polypeptide backbone of ClpA's
D2 modules can be superimposed onto the single AAA module of ClpX or HslU, or the
D2 module of ClpB. ClpA's Dl module, on the other hand, is highly structurally similar
to ClpB's Dl module, though it is less similar to its own D2 domain (Maurizi and Xia,
2004). While it is clear that ClpA's two AAA domains communicate with each other, the
physical basis of this communication is not yet certain, in part because the linker between
these domains is missing in the ClpA x-ray structure (Guo et al, 2002a).
1.2.1.4 Alternate translation start site
ClpA contains an alternate translation start site at its 169 th (AUG) codon. In the full-
length 84 kDa protein, this codon is translated into methionine as expected, but
translation can start at this site to produce a truncated 65 kDa protein (ClpA65). This
alternate ClpA protein is soluble and is expressed in vivo along with the full-length
protein (Gottesman et al, 1990, Seol et al, 1994). The ATP hydrolysis rate of ClpA65 is
less than 5% of that of full-length ClpA, and the truncated protein cannot assist in ClpP-
catalyzed proteolysis (Seol et al, 1995). Because it lacks its N-domain, ClpA65 does not
interact with its adaptor protein ClpS (Dougan et al, 2002a).
E. coli also expresses a ClpB variant missing its N-domain due to an internal
translation start site. The shortened ClpB forms heterohexamers with full-length ClpB
subunits with approximate shortened:full-length ratios of 2:4. The role of these shortened
Clp variants is not known, though it has been proposed that they are involved in
regulating activity of their full-length cousins (Zolkiewski et al, 1999).
1.2.1.5 ClpA Hexamer
In the absence of nucleotide, ClpA is a mixture of monomers and dimers, but ATP
initiates oligomerization to form hexamers (Maurizi et al, 1994, Maurizi et al, 1998).
This type of ATP-induced hexamerization is also seen in other Clp/Hspl00 family
members, including ClpX (Grimaud et al, 1998) and HslU (Kessel et al, 1996), as well as
in S. cerevisiae's Hspl04 (Parsell et al, 1994). Non-hydrolyzable analogs also induce
ClpA hexamerization, although the concentration required for oligomerization is 20-fold
higher for AMPPNP than for ATPyS (Maurizi et al, 1998). Mutations at the two ATP-
binding sites in each ClpA subunit have shown that ATP binding at the second domain is
not required for hexamer formation, but that nucleotide binding in the Dl domain is
essential. A bivalent cation is also required for hexamerization; Mg2+ fills this role in
vivo but Ca2+ and Mn2+ support oligomerization as well (Hwang et al, 1988). Hexamer
assembly occurs on the time scale of mixing (< 30 seconds) (Maurizi et al, 1998;
Piszcezk et al, 2005) and appears to occur through a tetrameric intermediate (Kress et al,
2007). Once formed, hexamers have a relatively low dissociation rate constant (0.032
min-), allowing them to remain intact for an average of 22 minutes; disassembly in the
absence of ATP hydrolysis (i.e., when ATPyS is present) is much slower (Singh et al,
1999).
Unfortunately, high-resolution images of ClpA hexamers have not yet been
obtained. Cryo-electron microscopy images at 29 A resolution show the two AAA
domains of the ClpA monomers; these domains assemble in the hexamer to form a barrel-
shaped structure of two tiers enclosing a cavity (Beuron et al, 1998). Molecular models
for the ClpA hexamer have been proposed (Figure 1-3), based on the EM images and the
crystal structures of the ClpA monomer, the HslU hexamer, and the p97 hexamer (Guo et
al, 2002a; Hinnerwisch et al, 2005). The resulting models show the monomers centered
around an axis of six-fold symmetry. The hexameric diameter is proposed to be 170 A,
and the height of the hexamers along the axis of symmetry is -90 A. The monomers
enclose a cavity of -110,000 A3, and narrow entry pores (-10 A) line both sides of this
cavity. The model, based on the ADP-bound monomeric crystal structure, shows six
ADP molecules bound between the D1 domains of the monomers, in addition to an ADP
molecule bound within each D2 domain (Guo et al, 2002a).
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Alternate models of hexamerization have also been proposed. Notably, a
staggered model has been suggested, whereby the monomers are slightly shifted along
the central axis with respect to each other (Martin et al, 2008b). Staggered hexamers
A)
have been observed for other AAA+ proteins, including FtsH and the T7 helicase
(Singleton et al, 2000; Bieniossek et al, 2006).
1.2.2 Structure of ClpP
Unlike ClpA, ClpP is neither an AAA+ protein nor a Clp/Hsp100 protein. Rather, ClpP
is a serine protease tetradecamer that associates with ClpA or ClpX ATPase hexamers to
form the ClpAP complex. Originally purified to homogeneity in 1988, early papers refer
to ClpP as Component 1 of Protease Ti (Hwang et al, 1988); the 'clp' nomenclature arose
later, refering to the enzyme's activities as a caseinolytic protein. (Still later, when some
Clp/Hspl00 family members were discovered that did not process casein very rapidly,
'clp' came to refer to chaperone-linked protease.) ClpP is synthesized in vivo as a 207-
residue proenzyme that autocatalytically cleaves fourteen amino acids off of each
monomer upon oligomerization, creating 193-residue long subunits of molar mass
-21500 daltons each (Maurizi et al, 1990b; Thompson and Maurizi, 1994). In an early
experiment in which an inactivated mutant ClpP was expressed in clpF hosts, the
resulting protein was not cleaved into its shorter form, thus demonstrating that processing
of the pro-protein is autocatalytic (Maurizi et al, 1990b).
Active ClpP consists of two heptameric rings stacked on top of each other (Kessel
et al, 1995, Figure 1-4). The contacts between the two rings are polar in nature and can
be disrupted by high sulfate concentrations. Under typical cellular conditions, however,
the rings remain associated with each other to such a high extent that the Kd is not easily
measurable (Maurizi et al, 1998). Individual subunits within each heptamer ring are
primarily held together by hydrophobic interactions (Yu et al, 2007).
Figure 1-4. Crystal structure of ClpP. (left) axial view; (right) side view. Individual
subunits are shown as arbitrarily chosen different colors. Active site serines are shown as
red spheres.
The crystal structure of E. coli's ClpP tetradecamer was solved in 1997 by Wang
et al. Since then, crystal structures from S. pneumoniae (Gribun et al, 2005), M
tuberculosis (Ingvarsson et al, 2007), plant plastids (Peltier et al, 2004), and human
mitochondria (Kang et al, 2004) have also been solved. These variants show high
sequence similarity and high similarity in overall structure (Yu et al, 2007). Like ClpA
and ClpX hexamers, ClpP tetradecamers are barrel-shaped, containing a large central
chamber. The height and diameter of ClpP tetradecamers are each approximately 90A.
Whereas the outer surfaces of ClpP are hydrophilic, the inner cavity surface is primarily
hydrophobic. Other ring-shaped oligomers such as GroEL (Braig et al, 1994) and the
20S proteasome (Lowe et al, 1995) also have hydrophobic interiors; in each case, the
hydrophobic environments presumably help keep protein substrates unfolded. At its
narrowest point, the entrance to the central chamber is -10 A and is formed by
hydrophilic residues 11-17 of each subunit. This narrow entrance is consistent with
observations that, in the absence of C1pA or ClpX, only very short peptides (5 6 residues
in length) can efficiently access the central pore (Kessel et al, 1995; Maurizi et al, 1994).
This narrow entrance pore suggests that proteins enter the ClpP cavity largely unfolded.
Recent studies have suggested that the ClpP entrance pore opens larger than the 10A
observed in the crystal structures: ClpXP has been shown to degrade disulfide-
crosslinked dimers without reducing the crosslink, and this requires the entrance pore to
be large enough to allow two or three polypeptide chains to pass through simultaneously
(Burton et al, 2001).
1.2.3 Structure of the ClpAP Complex
Weighing in at over 1.3 megadaltons, the fully formed ClpAP complex is a large
proteolytic machine. Although we currently have no high resolution images of the
complex, several EM and cryo-EM studies have provided a great deal of structural
information about the protease. The fully formed complex features ClpP flanked by two
ClpA hexamers, with the axial pore of each oligomer aligned with that of its neighbor
(Kessel et al, 1995). When ClpA is present in limiting quantities, ClpAP moities formed
by one ClpA hexamer bound to one ClpP tetradecamer are formed (Kessel et al, 1995).
ClpAP complexes are readily dissociated in high salt solutions (Hoskins et al,
1998), demonstrating that the interactions between the participating oligomers are non-
covalent in nature. The apparent dissociation constant of ClpA6:ClpP 14 under more
typical salt conditions (300 mM KC1) has been measured to be -4 ±2 nM (Maurizi et al,
1998); separate experiments showed the dissociation rate constant to be 0.092 min-' (with
a half-life of 7.5 minutes). It should be noted that the catalytic turnover number for
proteolysis of many protein substrates is on the order of 10 min-', suggesting that ClpAP
remains associated for tens of turnovers at a time (Singh et al, 1999).
In vitro experiments using equimolar quantities of ClpA and ClpX show
heteromeric ClpXAP complexes present in quantities that would be expected from a
random binding mechanism (50% ClpX 6A6PI 4, 25% ClpA12PI 4, 25% ClpX12PI 4) (Ortega
et al, 2004). ClpXAP was shown to be capable of substrate unfolding and translocation
from both its ClpA and its ClpX ends. Based on the ratios of cellular ClpX and ClpA
found, it is likely that ClpXAP is present in reasonable quantities in the cell, though this
has not been confirmed by in vivo experiments (Ortega et al, 2004).
Three-dimensional reconstruction from electron microscopy experiments shows
that the ClpAP complex features three open compartments: a chamber inside ClpP,
where proteolysis occurs, a chamber between ClpA and ClpP, and a chamber within
ClpA (Beuron et al, 1998). EM images also show asymmetry in ClpP tetradecamers
bound to single ClpA hexamers: the side in contact with ClpA is much flatter than the
more concave "free" surface (Kessel et al, 1995). This asymmetry may represent
conformational changes that occur when ClpA and ClpP bind.
Numerous studies have investigated the specifics of the interactions between
ClpA and ClpP. The x-ray crystal structure of ClpP features seven ridges separated by
seven grooves positioned on the ClpA-interacting face (Wang et al, 1997). This face
consists largely of conserved hydrophobic residues. The S. pneumoniae ClpP structure
shows N-terminal loops that appear to be involved in ClpA/ClpX interactions;
mutationsof these loops prevent full complexes from forming (Gribun et al, 2005).
Also essential for ClpAP formation is a short strictly conserved IG(F/L) sequence
present at the C-terminus of ClpA and ClpX. Variants lacking this motif do not interact
with ClpP but otherwise demonstrate wild-type phenotypes: they form hexamers in the
presence of nucleotide and maintain normal ATPase rate and normal unfolding abilities
(Kim et al, 2001). ClpB, which normally does not interact with ClpP, can be modified to
form a ClpBP complex by replacement of a ClpB loop by the equivalent ClpA loop
containing the conserved IG(F/L) tripeptide. The resulting ClpBP complex can
proteolyze the substrates that ClpB normally would disaggregate and release (Weibezahn
et al, 2004). These results further demonstrate the importance of the IG(F/L) loop in
ClpAP formation.
Some of the interactions between ClpP and its ATPase partners appear to be
dynamic in nature, allowing communication between the two components of the protease.
The apparent binding constant for ClpX-ClpP has been shown to be dependent on ClpX's
catalytic activity: the affinity between the two components is highest when ClpX is
actively processing substrates (Joshi et al, 2004). These dynamic interactions in ClpAP,
which autodegrades its ClpA component in the presence of ATP (Gottesman et al, 1990),
would be difficult to study, but the sequence and structural conservation between ClpA
and ClpX suggest similar types of interactions for the two ATPases.
1.3 PROPOSED MECHANISM FOR ClpAP
The ClpAP reaction cycle can be broadly summarized as (1) substrate binding, (2) ATP-
dependent unfolding and translocation, (3) peptide bond hydrolysis, and (4) product
release. Each of these activities is described in the discussion below.
1.3.1 Substrate binding
1.3.1.1 Known substrates
Unfortunately, relatively few ClpAP substrates have been identified to date, making it
difficult to define broad-based specificity rules. Those substrates that have been
identified appear to fall in a few general categories: (a) regulatory proteins, (b)
incompletely formed proteins carrying the 'ssrA' tag, (c) unfolded, partially folded, or
misfolded proteins, and (d) proteins obeying the N-end rule.
One of the early substrates identified for ClpA was the P1 phage replication
protein RepA. Homodimerization of RepA inactivates the protein, and ClpA was found
to bind RepA dimers and remodel them, releasing active RepA monomers (Wickner et al,
1994; Pak and Wickner, 1997). Other known regulatory protein substrates of ClpAP in
E. coli were discovered by comparing pull-down experiments with inactivated ClpP
'traps' in the presence and absence of ClpA. From these experiments, several metabolic
enzymes were discovered to be ClpA substrates, including isocitrate lyase,
glyceroaldehyde 3-phosphate dehydrogenase, and tryptophanase (Flynn et al, 2003). The
apoptotic protein MazE has also been confirmed to be a ClpA substrate (Engelberg-Kulka
and Glaser, 1999). ClpA itself is a ClpAP substrate; this was discovered early on when
the protein was observed to autodegrade in the presence of ATP (Gottesman et al, 1990).
N-end rule substrates vary in different organisms, but the general notion is the
same: the amino-terminal residue helps determine the half-life of a protein in both
prokaryotes and eukaryotes (Bachmair et al, 1986; Tobias et al, 1991). Whereas most
proteins have half-lives greater than 10 hours in wild type E. coli cells, protein with N-
terminal Phe, Leu, Trp, or Tyr have half-lives of - 2 minutes. Furthermore, the amino
acid transferase Leu,Phe tRNA-protein transferase catalyzes the addition of Leu or Phe to
proteins with N-terminal Arg or Lys residues; thus proteins with N-terminal Arg or Lys
are secondary N-end rule substrates. In the early 1990s, Alexander Varshavsky's
laboratory demonstrated that N-end rule substrates are not degraded in clpA- cells,
illustrating that ClpA was responsible for the degradation of N-end rule substrates
(Tobias et al, 1991).
The substrates described above all appear to have a recognition 'tag' or motif that
targets them for ClpA-mediated degradation; these tags will be discussed further below.
Not all substrates appear to have such tags, however. In particular, unfolded proteins,
regardless of sequence, are generally excellent ClpAP substrates. Casein, the first
substrate identified for ClpP (Katayama-Fujimara et al, 1986), exists as a molten globule
in solution, and its exposed hydrophobic residues are thought to bind ClpA's central core.
Stable proteins that are normally not degraded by ClpAP, such as GFP, are readily
proteolyzed if acid-denatured prior to ClpAP treatment (Hoskins et al, 2000).
1.3.1.2 Substrate tags
The best studied substrate tag to date is the eleven amino acid AANDENYALAA peptide
called ssrA (small stable RNA A). SsrA tags are appended to partially formed proteins
stalled on bacterial ribosomes due to mRNA cleavage or incomplete transcription (Keiler
et al, 1996). Addition of the ssrA tag helps clear the ribosome for use in translating other
substrates; it also targets the partially formed and potentially deleterious protein for
degradation by a cellular protease (Keiler et al, 1996; Karzai et al, 2000). ClpAP,
ClpXP, and the membrane-bound FtsH can degrade these substrates both in vivo and in
vitro (Gottesman et al, 1998; Herman et al, 1998). Although the tag is added to the C-
terminus of a substrate in vivo, in vitro studies have shown that ClpA can also recognize
the ssrA tag both at the N-terminus and in internal regions of proteins (Hoskins et al,
2002).
Addition of an ssrA tag accelerates in vitro denaturation of substrates by Clp
proteases by a factor of more than 106 (Kim et al, 2000; Weber-Ban et al, 1999), yet
addition of the tag to a protein does not alter its thermodynamic stability (Gottesman et
al, 1998). Instead, the ssrA tag appears to increase substrate binding affinity. Mutational
analysis of the ssrA tag suggests that residues 1-2 and 8-10 (AANDENYALAA) are
especially important for binding to ClpA (Flynn et al, 2001). Cross-linking studies have
shown that ssrA binds the interior pore of ClpA, rather than the N-domain that is thought
to be important for binding of other substrates (Hinnerwisch et al, 2005); this is
consistent with findings that the N-domain is not essential for proteolysis of ssrA-tagged
substrates (Xia et al, 2004).
1.3.1.3 Adaptor proteins
Many AAA+ proteins to bind to partner proteins that alter their substrate specificities.
These "adaptor proteins" have been identified in E. coli and B. subtilis as well as in
eukaryotes such as S. cerevisiae (Dougan et al, 2002b). In general, adaptor proteins are
dissimilar to each other both in sequence and structure, although they do share one
similarity: they tend to be quite small. Adaptor proteins generally bind to the N-domain
of their AAA+ partners, where they can alter overall chaperone activity in addition to
substrate specificity (Dougan et al, 2002b, Mogk et al, 2004).
The only currently known adaptor protein for ClpA is a 106 amino acid protein
called ClpS, expressed in the same operon as E. coli ClpA (Dougan et al, 2002a). ClpS
appears to have both positive and negative influences on ClpA's activity: it both
enhances degradation of aggregated proteins and N-end rule substrates and decreases
degradation of ssrA-tagged substrates (Dougan et al, 2002a; Erbse et al, 2006; Wang et
al, 2007). The mechanisms of these activity alterations are not understood. ClpS binds
ClpA's N-domain (Guo et al, 2002b), whereas ssrA peptides have been shown to bind the
central ClpA pore. This difference in binding sites rules out a simple competitive
inhibition mechanism caused by steric blockage of ssrA binding sites. An alternate
mechanism involves ClpS causing conformational changes in ClpA that block certain
binding sites and expose others (Zeth et al, 2002; Mogk et al, 2004; Hou et al, 2008).
Additional studies are necessary to probe this mechanism further.
1.3.1.4 Specifics of substrate binding
The exact details of substrate binding are still unclear, despite many studies of the topic.
ClpA substrate binding is not ClpP dependent; substrates can bind ClpA both as an
independent chaperone and as a component of the ClpAP protease (Hoskins et al, 1998).
Although substrate binding requires ATP binding, hydrolysis is not essential; this
suggests that hexamerization is required for substrate binding (Hoskins et al, 2000).
Isothermal titration calorimetry, fluorescence, and equilibrium binding experiments have
demonstrated that substrate binds ClpA hexamers with a 1:1 stoichiometric ratio (Pak et
al, 1997; Piszczek et al, 2005). Association constants for peptide substrates measured to
date range from 106-107 M-1 (Piszczek et al, 2005).
Different substrates have been observed to interact with different parts of the
ClpAP complex, and it has been difficult to determine the initial sites of substrate contact.
It seems likely that different classes of substrates bind at different sites on ClpA.
Electron microscopy studies with bound ATPyS show extra electron density, representing
the RepA substrate, at the apical ring surface of ClpA (the surface not in contact with
ClpP), near the axial channel (Ishikawa et al, 2001). Other studies, conducted on ssrA-
tagged substrates, show binding inside the central pore, rather than at the apical ends of
the hexamer. The association rate constant for a fluorescently tagged ssrA peptide is only
slightly lower for a ClpA mutant missing its entire N-domain than for wild-type ClpA,
suggesting the N-terminal 150 amino acids are not essential for binding of this substrate
(Piszczek et al, 2005). In crosslinking studies conducted on both ClpA and ClpX, ssrA
was found to be crosslinked to the lower loops of the central pore, even under conditions
where ATP is not hydrolyzed (Siddidqui et al, 2004; Hinnerwisch et al, 2005; Martin et
al, 2008b).
Recent studies on ClpX have suggested the existence of a metastable "pre-
binding" state. The Sauer and Baker groups have proposed a binding model whereby
substrate initially binds in a metastable state that must be "captured" by rapid ATP
hydrolysis steps (Martin et al, 2008a). We have collected more direct evidence of a pre-
binding state by single molecule experiments with ClpA (see chapters 2, 3).
1.3.2 ATPase Activity
1.3.2.1 ATP binding site
The ClpA hexamer contains six Dl and six D2 nucleotide-binding sites. Much of the
information we have about these binding sites comes from the crystal structure of the
ClpA monomer with ADP bound at both nucleotide-binding sites (Guo et al, 2002a). It is
likely that this monomeric structure represents the ClpA state during the ADP-bound
portion of its catalytic cycle, though the modeled interactions between monomers have
not been confirmed by a hexameric crystal structure.
Biochemical studies have demonstrated that mutations in the Dl ATP-binding site
prevent hexamerization, whereas D2 binding site mutations still yield the hexameric
structure in the presence of ATP (Singh et al, 1994; Seol et al, 1995). The crystal
structure partially explains these results: the Dl binding site requires contributions from
neighboring monomers to bind ADP, whereas the D2 binding site appears to be enclosed
within each monomer, as nucleotide bound in D2 does not make contacts with
neighboring subunits (Guo et al, 2002a).
AAA proteins' ATPase domains feature an a-1-a sandwich common to all P-loop
nucleotide binding proteins (Neuwald et al, 1999). Nucleotide binds in a region
surrounded by the Walker A and B motifs, a bridge between the two subdomains, and the
sensor II region responsible for transmitting information about the nucleotide state to
other parts of the protein (Smith et al, 2004).
1.3.2.2 ATP hydrolysis mechanism
Our understanding of ClpA's ATP hydrolysis mechanism has been limited by the
technical difficulty of forming hexamers in the absence of ATP. The crystal structure of
ClpA shows both positively and negatively charged residues in the vicinity of where the
scissile bond between the beta and gamma phosphates would be expected to be in an
ATP-bound state. This suggests both acid and base-catalyzed hydrolysis mechanisms
may be possible. In the Clp/Hsp100 family member HslU, mutagenesis studies on these
acid and base residues have not clarified the issue (Song et al, 2000).
Both dissociative and associative ATP hydrolysis mechanisms have been
proposed for AAA+ proteins (Ogura et al, 2001), but few if any studies have been
reported where this has been investigated for ClpA in particular. The proposed
associative mechanisms generally require nucleophilic attack by an activated water
molecule on the gamma phosphate group and subsequent formation of a metastable
penta-coordinate transition state that is stabilized in part by the required Mg2+ and nearby
lysine and/or arginine residues. Dissociative mechanisms featuring a tri-coordinate
metaphosphate transition state have also been proposed. A neighboring Glu or Asp may
position a water molecule such that it could attack this intermediate, causing cleavage of
the O-Py bond (Ogura et al, 2001).
1.3.2.3 Is ATP Hydrolysis Cooperative?
The Hill coefficient of ATP hydrolysis is 2-3 (Choi, Farbman, unpublished results),
which suggests that the reaction is somewhat cooperative between subunits but that the
cooperativity does not extend to the entire hexamer. Detailed studies on the timing of
ATP hydrolysis in ClpX, conducted in the Sauer and Baker labs, have helped further our
understanding of how the various subunits coordinate their actions with each other in Clp
machines (Martin et al, 2005). The groups engineered versions of ClpX in which the six
subunits, minus their N-domains, are fused together to form dimers, trimers, and
hexamers. They then added in mutations at specific sites to some but not all subunits in
their new constructs: an E185Q mutation that changes conformation in response to ATP
binding but does not hydrolyze nucleotide, and an R370K mutation that undergoes no
observable conformational changes upon ATP binding. Adding these mutations at
various locations to the fused trimers and hexamers allowed the group to determine the
ordering of ATP hydrolysis events. Instead of requiring a strict sequential ordering of
ATP hydrolysis events in neighboring subunits, active translocation is possible with as
few as one normally functioning subunit and as many as five nonfunctioning subunits
(albeit at rates slower than 1/6th of the wild-type rate) (Martin et al, 2005). Their results
are consistent with a stochastic ATP firing model. It seems likely that ClpA might follow
the same type of model, but the equivalent set of experiments for ClpA have not been
reported.
1.3.3 Unfolding/Translocation
The following discussion first addresses unfolding and translocation separately, and then
the impact of ATP hydrolysis on these activities.
1.3.3.1 Unfolding
ClpP's proteolytic active sites are sequestered within a cavity that requires potential
substrates to be grossly unfolded in order to gain access. ClpA's central role in ClpAP is
to provide this unfolding 'service' at the expense of ATP hydrolysis.
The ability of ClpA to denature protein substrates was definitively demonstrated
by experiments conducted in the Horwich lab in 1999 (Weber-Ban et al). Green
fluorescent protein (GFP), whose fluorescence is reduced when the protein is fully
unfolded, is not a ClpAP substrate; treatment with ClpAP does not decrease its
fluorescence. Addition of an ssrA tag to the protein to make a GFP-ssrA construct,
however, causes rapid degradation by ClpAP; the kinetics of fluorescence loss match the
kinetics of GFP-ssrA degradation as detected by SDS-PAGE. When ClpA is present in
the absence of ClpP, GFP-ssrA fluorescence decreases by only -20%; this loss in
fluorescence is dependent on ATP hydrolysis, not just ATP binding, as it does not occur
in the presence of ATPyS. Weber-Ban et al. suspected that, in the steady state, ClpA
unfolding of GFP-ssrA was counteracted by refolding of GFP-ssrA, resulting in only
partial loss of gross fluorescence. To test this hypothesis, they added a GroEL trap that
binds and holds unfolded proteins; under these circumstances, fluorescence loss is
complete, as the trap prevents refolding of GFP-ssrA and reformation of the protein's
fluorophore. In size exclusion chromatography experiments, radioactive labels on GFP-
ssrA elute with the GroEL trap; when ClpP is included, however, the labels elute as
peptides, suggesting that when the protease component is present, ClpA hands off
unfolded protein to ClpP for degradation rather than releasing the protein for re-folding
(Weber-Ban et al, 1999). The reported study also investigated the exent of substrate
unfolding. Using hydrogen/deuterium exchange experiments, the group established that
the core of the GFP-ssrA becomes exposed to aqueous solution only after treatment with
ClpA; thus ClpA is responsible for the total or near-total unfolding of even very stable
substrates such as GFP-ssrA (Weber-Ban et al, 1999). Other experiments have shown
similar results using different proteins, including a GFP moiety labeled with a RepA-like
tag, rather than ssrA (Hoskins et al, 2000).
The amount of ATP used during an unfolding reaction, and the rate at which it is
hydrolyzed, can provide some clues as to how unfolding occurs. ATPase rates vary
dramatically with substrate stability: more stable substrates require more ATP, and the
rate of hydrolysis is slower for more stable proteins (Kenniston et al, 2003). These
results support a model whereby ClpA applies numerous repeated mechanical unfolding
forces on a protein until it finally becomes denatured. Several interior pore loops have
been suggested to take part in this process; these will be discussed further below.
Some studies have suggested that substrate unfolding may play a key role in
determining the overall rate of proteolysis. Experiments using titin-ssrA variants with
varying stabilities as substrates for ClpXP have shown that the rate of unfolding is related
to the stability of the substrate, whereas translocation of unfolded proteins occurs at one
steady, faster rate that depends only on the substrate length; this suggests that unfolding
of highly stabilized proteins are partially rate limiting (Kenniston et al, 2003). For other
substrates, denaturation and translocation appear to occur on the same time scales, so
both reactions may be rate limiting (Kenniston et al, 2004). Studies from Andreas
Matouschek's lab have shown that the rate of denaturation is related not to the overall
stability of a protein substrate, but to the stability of the localized region next to the
degradation tag (Lee et al, 2001; Matouschek, 2003). It thus seems plausible that the
rate-determining step of Clp-mediated degradation may be a function of the substrate
itself.
1.3.3.2 Translocation
Several studies have shown, using different experimental approaches, that ClpA
translocates unfolded proteins into the ClpP chamber where proteolysis occurs. In one
such early study, ClpA, ATPyS, and inactivated ClpP were incubated with a radiolabeled
substrate to allow complex formation; ATP was infused in to allow the reaction to
proceed, which was later "quenched" by addition of high salt, causing ClpA and ClpP to
dissociate. ClpP was immunoprecipitated, and any radioactive substrate protein
associated with ClpP was measured. Substrate co-immunoprecipitated with ClpP only
when ATP and ClpA were both present, showing ClpA translocated the substrate in an
ATP-hydrolysis-dependent manner (Hoskins et al, 1998). Cryo-electron microscopy
experiments have been used to gather more direct evidence for ClpA-mediated
translocation of a RepA model subsrate. EM images show substrate at near-axial sites in
the presence of ATPyS, but inside ClpP in the presence of ATP (Ishikawa et al, 2001).
For ClpA6P14A 6 complexes, although substrates can bind both ends of the complex,
translocation appears to occur from one end or the other (Ortega et al, 2002). The
observation that 2:1 complexes of ClpA:ClpP have approximately the same degradation
activity of 1:1 complexes supports this hypothesis (Ortega et al, 2004).
Steady-state studies conducted on ClpXP have shown that short unstructured
peptides are degraded significantly faster than longer denatured substrates (Kenniston et
al, 2003). This observation suggests that reaction steps like substrate engagement, that
presumably occur at the same rate independent of substrate length, are not rate limiting.
In addition to the translocation step, the rates of peptide bond hydrolysis and product
release may also be length-dependent. These steps, however, are believed to be rapid
(Thompson and Maurizi, 1994; Thompson et al, 1994). Thus, translocation is assumed to
be rate-limiting for short peptides and longer unfolded proteins (Kenniston et al, 2003).
ClpA translocation is, for the most part, a processive reaction. The first
experiments demonstrating ClpA's processivity showed that no large intermediates
accumulated over the course of the proteolytic reaction (Thompson et al, 1994). ClpAP
degradation of RepA and a-casein has been shown to require only a single binding event
between substrate and enzyme (Pak and Wickner, 1997; Hoskins et al, 1998). Using
fluorescence tags, the Horwich group has demonstrated that the tagged end enters ClpP
first, regardless of whether it's attached to the protein's N-terminus or its C-terminus
(Reid et al, 2001; Lee et al, 2001). ClpAP processively translocates multidomain
proteins sequentially, as does ClpXP and the eukaryotic proteasome (Lee et al, 2001).
1.3.3.3 ATPase coupling to unfolding/translocation
Protein unfolding requires hydrogen bonds to be broken and hydrophobic interactions to
be disrupted, each of which requires a free energy source. Single-direction, processive
translocation also necessitates a free-energy source to perform the required physical
work. Like other AAA+ family members, ClpA uses the free energy of ATP hydrolysis
to perform its unfolding and translocation functions. We are just beginning to understand
how the chemical energy of ATP hydrolysis is coupled to ClpA's unfolding and
translocation reactions. The experiments described below, as well as those described in
chapters 2 and 3, are an effort in this direction, but much work remains to be done.
1.3.3.3.1 Nucleotide usage during unfolding and translocation
Clp/Hsp100 family members tend to have measurable basal ATPase rates in the absence
of substrates; these basal rates may be related to oligomer formation and/or maintenance.
ClpA's ATPase activity is generally increased 2-4 fold in the presence of peptide and
protein substrates, although a few peptides have been shown to diminish its ATPase rate
(Hwang et al, 1988; Thompson and Maurizi, 1994; Maurizi et al, 1994). Non-substrates
do not tend to affect ClpA's hydrolysis rates (Hwang et al, 1988). More detailed studies
on ClpX have shown that its ATPase rate changes dramatically depending on its other
activities; during denaturation, each ClpX hexamer hydrolyzes -150 molecules of ATP
per minute, whereas during translocation, this rate increases to -600 ATPs per minute.
The ATPase rate constant of ClpX during unfolding is constant regardless of substrate
stability, but the total amount of nucleotide hydrolyzed increases for substrates with
higher thermodynamic stabilities (Burton et al, 2001; Kenniston et al, 2003). This result
is suggestive of a mechanism whereby Clp proteins apply an iterative, mechanical force
on their substrates during unfolding, with each repetition of the force requiring the same
amount of ATP.
The Lee group has shown that in Lon, another ATP-dependent protease, ATPase
activity occurs before peptide cleavage. In pre-steady state kinetics experiments using
rapid quench-flow and fluorescence stopped-flow spectroscopy, the group reported a
burst in ATPase activity, followed by a lag in peptide bond hydrolysis (Vineyard et al,
2005). The observed burst suggests that ATP hydrolysis is required not just during, but
before Lon's translocation step begins. It seems likely that the same order of events
applies to ClpA, as well, though the necessary experiments have not yet been reported.
1.3.3.3.2 Conformational changes due to nucleotide binding/hydrolysis
Limited proteolysis experiments have demonstrated that nucleotide binding to ClpA
causes conformational changes within the protein. ATP binding at the D2 sites was
shown to increase subunit interactions and reduce exposure to external proteases; these
conformational changes were proposed to be important for substrate unfolding and
translocation, as well as for ClpP interactions (Maurizi et al, 1990a). Electron
microscopy studies conducted at 30 A resolution, however, show few if any changes in
samples of ClpAP taken when ATP is present compared to when ATPyS is present.
Thus, any conformational changes that occur over the course of nucleotide hydrolysis
either must involve subtle movements within domains or must be short-lived enough to
be very sparsely distributed in the EM images (Ishikawa et al, 2001). ClpA has been
suggested to bind its substrate proteins more tightly when ATP is bound than in the
absence of nucleotide (Singh et al, 1999).
Many other ATP-dependent proteases have been shown to undergo
conformational changes upon ATP binding and/or hydrolysis (Licht and Lee, 2008), as
have many members of the more generalized AAA+ family (Vale, 2000). Among these
proteins are NSF (Whiteheart et al, 1994), kinesin (Xing et al, 2000) and katanin
(Hartman and Vale, 1999). Some of the most direct evidence for nucleotide-dependent
conformational changes in an AAA+ protein comes from HslU, a Clp family protein that
partners with HslV to form the HslUV protease. Four different crystal structures of the
protein with different nucleotides bound provide a glimpse of the conformations HslU
might sample during its ATP hydrolysis cycle. These structures show that HslU's central
pore is opened or closed, depending on which nucleotide is bound: no nucleotide bound
creates the most open conformation, while bound ADP causes the most closed
conformation, and ATP-binding creates an intermediate conformation (Wang et al,
2001b). One of the loops responsible for these opening and closing motions contains a
conserved GYVG motif that will be discussed in more detail below.
Structural and functional studies have been carried out to determine which, if any,
equivalent loops in ClpA might be responsible for the conformational changes associated
with ATP binding and hydrolysis. ClpA contains two mobile loops that seem likely
candidates, one in each AAA+ domain, located between the Walker A and B motifs;
these loops are formed by residues 250-266 of D1 and 520-542 of D2 (Guo et al, 2002a,
Figure 1-5). The ClpA monomeric crystal structure in the ADP-bound form shows the
D2 loop to be stabilized by Mg 2+ coordination, whereas the D1 loop is only partially
structured. In the ClpA hexameric model, these loops line the central pore and face
"down," towards ClpP (Guo et al, 2002a, Hinnerwisch et al, 2005). Recent work from
our laboratory in collaboration with Mark Chance's group at Case Western Reserve
University has used synchrotron protein footprinting experiments to demonstrate that in
the presence of ATPyS, the D2 loop appears to be in an alternate "up" position (Bohon et
al, 2008). The ATP-hydrolysis powered movement between "up" and "down" positions
of the D2 loop may be partially responsible for applying force on substrate proteins,
causing them to unfold and be translocated towards ClpP.
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Figure 1-5. ClpA hexamer with D2 loops shown in red. (left) axial view. (right) side
view.
1.3.3.3.3 The GYVG Motif
ClpA's D2 loop contains a GYVG motif (residues 538-541) that is notable for its
similarity to motifs in other AAA+ family members' pore loops (Figure 1-6). Wang et al
(2001a) first pointed out the existence of a strongly conserved GYVG pore motif in
protease-assciated ATPases and in the chaperones ClpB and Hspl04. Minor variations
appear in the first, second, and third residues, but the fourth residue is Gly in all known
Clp proteins (Wang et al, 2001a). Of the known Clp sequences, 87% have Tyr at the
second residue, and 5% have the aromatic Phe as a substitute. The remaining sequences
generally feature an aliphatic residue at this position (Yamada-Inagawa et al, 2003). The
proximity of the GYVG motif to the nucleotide binding site and its highly conserved
nature both suggest a major role in the common mechanism of this class of proteins.
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Figure 1-6. Sequence conservation of the
GYVG motif in AAA+ chaperones. The Dl
domains of ClpA, ClpB, and Hspl04 have a
KYxG motif in lieu of GYVG.
The advent of site-directed mutagenesis has allowed careful study of the role of
each of the residues in the GYVG motif. The role of the aromatic tyrosine has been of
particular interest, and many studies of mutations at this site have been reported. In
ClpA, a conservative mutation at this site (Y540W) causes no apparent change in ability
to unfold GFP-ssrA, but nonconservative mutations (Y540A, Y540C) exhibit little or no
unfolding activity, despite their ability to bind the GFP-ssrA substrate (Hinnerwisch et al,
2005). Mutations at the equivalent site in ClpB (Y653A) cause loss of unfolding function
towards aggregated proteins and a-casein, but do not alter the enzyme's ability to process
small peptides. Studies on ClpB's equivalent Saccharomyces cerevisiae Hspl04 have
shown that non-conservative mutations at its conserved Y662 site prevent the protein
from complementing the thermotolerance defect of an Ahsp]04 strain or from refolding
protein aggregates in vitro, despite their wild-type levels of ATPase activity and their
ability to form hexamers (Lum et al, 2004). In Ymel (mitochondrial membrane-
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imbedded ATP-dependent protease), mutation of the conserved Y354 of this motif to
another aromatic residue in an in vivo assay allows cells to retain a normal phenotype.
However, mutation to other hydrophobic residues lowers Ymel activity, and conversion
to non-hydrophobic residues, either polar or charged, is a lethal mutation (Graef and
Langer, 2006). Finally, in the Clp protein HslU, a conservative mutation at the Y91 in
the GYVG motif allows for wild-type levels of degradation of folded proteins, whereas
nonconservative mutations at this site obliterate activity (Park et al, 2005). Together
these studies point to an essential role for aromatic residues in the mobile pore loops
during ATP-powered conformational changes.
The studies presented above have shown that conformational changes coupled to
ATP binding and hydrolysis are used to bind substrate and translocate it into the ClpP
pore. Experiments described in later chapters were designed to help unravel the details of
the binding affinity between substrate and protein along the translocation pathway.
1.3.4 Proteolysis and Peptide Release
1.3.4.1 ClpP Pore Opening
In addition to its roles in unfolding and translocating proteins to the ClpP pore, ClpA also
interacts with ClpP in such a way as to open the ClpP pore for easier access to the
proteolytic active sites. Many moderately-sized peptides are not degraded by ClpP alone
but are degraded by ClpAP in the presence of a non-hydrolyzable ATP analog. A portion
of the ClpP propeptide, FAPHMALVPV, for instance, is cleaved rapidly by ClpAP in the
presence of ATPyS but is not degraded to an appreciable extent by ClpP alone
(Thompson and Maurizi, 1994). This difference suggests that ClpA participates in ClpP
pore opening.
1.3.4.2 Mechanism of proteolysis
ClpP is a serine protease, and each of its fourteen subunits contains the canonical serine-
histidine-aspartate catalytic triad. Ser97 and His122 were identified early on by
mutagenesis studies to participate in the triad; mutations at either site eliminate ClpP
activity (Maurizi et al, 1990b). The triad's third member, Aspl71, was not identified
until the ClpP crystal structure was solved in 1997. The structure shows a hydrogen bond
between Aspl71 and His122, with an Aspl710l61-His122N61 bond distance of 2.9A
(Wang et al, 1997). Each subunit's triad is situated in such a way as to make contacts
with other monomers; these contacts explain why the protease is only active upon
oligomerization (Wang et al, 1997). The sequence specificity of ClpP remains unclear.
ClpP appears to have a mild bias towards cleaving after hydrophobic residues in peptide
substrates (Thompson and Maurizi, 1994). This preference appears to extend to protein
substrates (Choi, Jennings, Licht, unpublished data). The Si binding pocket is wide
enough to allow access to even the largest of amino acids. (Wang et al, 1997, Szyk and
Maurizi, 2006).
1.3.4.3 Product Release
Relatively little is known about how the cleaved peptide products of ClpAP are released.
The size distribution of peptide products from ClpAP features a peak representing
products of 6-8 amino acids in length, but many peptide products are larger (Choi and
Licht, 2005; Jennings and Licht, unpublished results). Substrate entry into ClpP in the
absence of an ATP-dependent chaperone is limited to peptides of 6 amino acids or fewer
(Thompson and Maurizi, 1994; Thompson et al, 1994). Thus, the passive diffusion
mechanism for product egress proposed by some groups (Thompson et al, 1994; Wang et
al, 1997) may apply only to the smallest peptide products. ClpX has been shown to play
a role in the release of undigested GFP-ssrA from inactivated ClpP (Kim et al, 2000). It
is possible that ClpX carries out its role in assisting in product release by simple pore
opening of ClpP; in another possible mechanism, introduction of new substrate by the
ATPase may push out any remaining peptides in the ClpP chamber through the opposite
axial pore. Using NMR and biochemical techniques, the Kay and Houry groups have
shown that side pores in ClpP between the two heptameric rings are dynamic in nature
and can expand enough to allow peptide product egress (Sprangers et al, 2005). The
groups engineered a cysteine mutation in the ClpP handle region that forms a disulfide
bond with the opposing ClpP subunit, thereby restricting freedom of motion of the
dynamic loops and closing off the proposed pores. This mutant ClpP tetradecamer can
cleave amide bonds when the cysteines are reduced but is inactive upon disulfide bond
formation. Upon inactivation, any small peptide products already formed become
trapped in the ClpP chamber (Sprangers et al, 2005). It seems likely, then, that peptide
products can exit ClpP though multiple means.
1.4 SUMMARY
Proteolytic machines are essential to the life of a cell, as evidenced by the fact that their
functions are so redundant. (The abundance of back-up proteases may explain why clpA-
mutants have such mild phenotypes under standard conditions.) The similarities between
these proteases are notable: AAA+ protease chaperones share similar structures (all are
barrel-shaped, for instance, and all are oligomeric) and common function (all use ATP
hydrolysis to power unfolding and translocation reactions). It seems likely that many
aspects of their mechanisms are shared, as well. Structural studies have provided a
wealth of information about ClpA's mechanism, and, by extension, about the mechanism
of other AAA+ proteases. An absence of a true hexameric structure for ClpA, however,
leaves much room for speculation. Many questions remain to be answered, including:
* How does ClpA's affinity for substrate change over the course of its
translocation reaction?
* How is ATP-powered D2 loop movement coupled to translocation, and what
is the role of the conserved tyrosine in the D2 loop?
* Does ClpA's impressive unfolding ability extend to an ability to disaggregate
proteins, and in particular, can it disaggregate itself?
The chapters that follow attempt to answer these questions, though much work remains to
be done.
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Chapter Two
Single-Molecule Analysis of Nucleotide-Dependent
Substrate Binding by ClpA
2.1 ABSTRACT
Single-molecule fluorescence experiments on the ClpA ATPase component of the ClpAP
protease demonstrate that ClpA binds its peptide substrates in discrete high- and low-
affinity conformations. These conformations correspond to different states in the
catalytic cycle of ATP hydrolysis. Based on these observations, we propose that
translocation of substrates through the central pore of ClpA is driven by a switch between
high- and low-affinity states.
2.2 INTRODUCTION
Many molecular machines translocate processively along polymer substrates. For motor
proteins (Reubold et al, 2003; Xing et al, 2000) and nucleic acid helicases (Hingorani et
al, 1993; Jezewska et al, 2000; Lorsch and Herschlag, 1998; Hingorani et al, 1997), the
mechanistic basis for processive translocation appears to be nucleotide hydrolysis-
dependent cycling between conformations of high and low affinity for the polymer. High-
affinity binding (often associated with the ATP-bound state) allows the machine to fasten
onto the polymer without slipping backward, while low-affinity binding (often associated
with the post-hydrolytic state) allows it to move forward (Xing el al, 2000; Lorsch and
Hershlag, 1998). Energy-dependent proteases such as ClpAP and ClpXP in bacteria or
the proteasome in mammalian cells also carry out highly processive translocation along
their polymer substrates (Pickart and Cohen, 2004; Sauer et al, 2004). Previous work
suggests that ClpXP (Martin et al, 2005) and ClpAP (Hinnerwisch et al, 2005; Choi and
Licht, 2005), each composed of an ATPase subunit (ClpX or ClpA) bound to a protease
subunit (ClpP), employ regular switching between different conformations as part of their
translocation mechanism. As in the case of motor proteins and helicases, the
conformational switch observed in these energy-dependent proteases might be an ATP
hydrolysis-triggered switch between discrete high-affinity and low-affinity
conformations. However, the ability of Clp proteases to retain bound substrates over
hundreds of ATP hydrolysis cycles (Kenniston et al, 2005; Thompson et al, 1994) is also
consistent with translocation occurring as successive "handoffs" between high-affinity
bound conformations (Figure 2-1). To distinguish between the "alternating affinity" and
"constant affinity" mechanisms, we used single-molecule fluorescence microscopy to
examine the stability of ClpA/peptide complexes under conditions that mimic different
nucleotide-bound intermediates in catalysis. The "constant affinity" mechanism predicts
the observation of a single residence time for peptide substrates on ClpA, while the
"alternating affinity" mechanism predicts the observation of at least two distinguishable
residence times. We observed a nucleotide-dependent switch between short-lived and
long-lived binding modes that supports the "alternating affinity" mechanism.
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Figure 2-1. Possible mechanisms of substrate
processing. (A) In the "constant affinity"
mechanism, peptide substrate initially binds ClpA in
a high affinity mode (red filled loop, upper left
diagram). A conformational change in the peptide
binding site translocates the peptide, but high-affinity
binding is maintained, possibly by transfer of the
peptide to a second subunit within the hexameric ring
(lower left diagram). (B) In the "alternating affinity"
mechanism, the peptide is bound in a high-affinity
conformation before translocation (upper right
diagram) and a low-affinity state after translocation
(lower right diagram).
2.3 MATERIALS AND METHODS
ClpA-FLAG and CIpA-K501R-FLAG Preparation. A pET9a plasmid containing the
clpA gene was generously provided by Professors Tania Baker and Robert Sauer. The
FLAG sequence (DYKDDDDKI) was appended to the N-terminus of the gene using PCR
amplification with the primers 5'-GGC GGC CAT ATG GAT TAC AAG GAT GAC
GAC GAT AAG ATC CTC AAT CAA GAA CTG GAA C -3' and 5'-GGC GGC GGA
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TCC TTA ATG CGC TGC TTC CG -3'. A Stratagene Quikchange kit was used to
generate FLAG-tagged ClpA K501R mutant plasmid; this construct was subjected to
DNA sequencing to verify its identity. Plasmids were transformed into electrocompetent
BL21(DE3)pLysS E. coli cells; FLAG-tagged constructs were transformed into SG1146,
a strain of clpF cells which was found to express ClpA-FLAG to much greater extents
than standard BL21 cells. Proteins were purified according to a modified procedure from
that listed in Maurizi et al, 1994; details are described in Appendix 2.5.1.
Cy3-ssrA Preparation. The eleven amino acid ssrA peptide AANDENYALAA was
prepared by the MIT Biopolymers Laboratory. The peptide's purity and identity were
confirmed by HPLC and mass spectrometry. The amino terminus of the ssrA peptide was
labeled with a Cy3 fluorescent dye for use in single molecule fluorescence experiments.
A solution of Cy3 Mono NHS ester (Amersham PA13101) in dry DMSO was prepared at
10 mg/mL and stored in small aliquots at -800 C. A separate solution of ssrA (2 mM,
MIT Biopolymers Lab) was prepared in DMSO. The labeling reaction used 100 nmol
ssrA, 200 nmol fluorescent dye, and 100 nM triethylamine; this mixture was stirred in a
small Eppendorf tube for four hours at room temperature and was slowed by freezing in
liquid nitrogen. The mixture was stored at -800 C.
Reverse phase chromatography was used to separate the desired product from side
products. The mixture was eluted off a C4 column (Restek, 5 gM beads, 250 mm * 4.6
mm) using the gradient described by Table 2-1. One-milliliter fractions were collected.
Fractions that were visibly pink were transferred to 1.5 mL vials and were concentrated
in a Speed-Vac until almost dry (i.e., until only a pasty pink residue remained) and were
frozen at -20 0 C. Samples were re-constitued in DMSO, and their concentrations were
determined using visible spectroscopy (E552nm = 150,000 M-').
Table 2-1. C4 Column Gradient. Buffer A
= 0.1% TFA in water. Buffer B = 0.1%
TFA in acetonitrile
Time % A % B
(min)
0 100 0
60 60 40
75 0 100
80 0 100
90 100 0
100 100 0
MALDI samples were prepared by spotting 0.5 tL of sample on a MALDI plate,
followed by 1 gL of a-cyano-4-hydroxy cinnamic acid matrix. Predominant peaks in
fraction #40 appear at m/z ratios of 1734.9273, 1756.9553, and 1772.8809. The peptide-
dye conjugate is expected to have a m/z ratio of 1756, and the peptide-dye conjugate
without the sodium ion that typically accompanies the ssrA peptide would have a m/z
ratio of 1733. We have not yet identified the species giving rise to the 1773 peak in the
mass spectrum. Analytical rp-HPLC showed that the sample was 77% pure.
Total Internal Reflection Fluorescence (TIRF) Sample Preparation. Glass slides (24
x 60 mm, No. 1 1/2, Electron Micrcoscopy Sciences) were cleaned by successive
sonication treatments in 2% Micro-90 solution (1-2 h), 100% ethanol (1-2 h), and 0.1M
potassium hydroxide (20 min). Slides were thoroughly rinsed with MilliQ water between
each treatment and were stored in 100% ethanol until ready for use. Cleaned slides were
dried with pressurized nitrogen, and 4-5 lanes were demarcated on each slide with
silicone vacuum grease. Glass coverslips (22 x 22 mm, No. 0, Electron Microscopy
Sciences) were applied to the center of each slide. The resulting flow-cell lanes on each
slide had a capacity of 25-30 microliters (Figure 2-2).
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Figure 2-2. Diagram of slide set-up for TIRF experiment.
The bovine serum albumin, BSA, (Sigma, 98% pure) used to block the slides was
found to have catalytic quantities of proteases that degraded the BSA within minutes (see
section 2.5.5.2). To prevent degradation, the BSA was treated with a general protease
inhibitor cocktail (PIC) (Sigma P2714). A 10x solution of PIC was prepared by
dissolving the powdered contents of the protease cocktail in ten times less water than
recommended by Sigma (i.e., 10 mL rather than 100 mL). This solution was stored in 0.5
mL aliquots at -20'C. The desired volume of BSA at 20 mg/mL was mixed with 0.8
volume equivalents of 10x PIC solution. This mixture was rocked gently for 3 h at 40 C.
The mixture was then dialized into the appropriate buffer to separate the small molecule
inhibitors from the protein. Treated BSA was shown to be stable in solution for several
hours. Figure 2-3 shows BSA degradation before and after PIC treatment.
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Figure 2-3. BSA degradation before and after protease cocktail inhibitor treatment.
(top) BSA degrades in the presence of ClpA, ClpP, ATP, and an ATP-regenerating
system using creatine kinase (CK). (middle) BSA degrades in the presence of ClpA and
ClpP, but no ATP or ATP-regenerating system. (Creatine kinase is added as a reference
standard to the gel samples after incubation with ClpAP, immediately before quenching
in a boiling water bath.) (bottom) BSA that has been treated with a protease-cocktail
inhibitor does not degrade in the presence of ClpA, C1pP, ATP, and an ATP-
regenerating system.
To immobilize ClpA on the glass surface (Figure 2-4), slides were first treated
with a 0.5 mg/mL solution of AntiFLAG M2 monoclonal antibody (Stratagene) and were
then blocked with a 10 mg/mL solution of PIC-treated BSA. A 30 [tL volume of sample
consisting of 100 nM ClpA-FLAG (or 10 nM ClpA K501R-FLAG) and 3 mM ATPyS in
wash buffer (50 mM HEPES pH 7.5, 600 mM KC1, 20 mM MgCl 2, 1 mg/mL PIC-treated
BSA, and 10% glycerol) was applied to each lane. A 120 microliter volume of wash
buffer containing 3 mM ATPyS was passed through each lane, followed by a 30
microliter "coat" volume consisting of 10 mM ATP or 3 mM ATPyS, 5 nM Cy3-ssrA,
and an 02-scavanging system (1500 units/mL catalase, 0.215 mg/mL glucose oxidase, 4.5
mg/mL glucose, and 1% (v/v) beta-mercaptoethanol) in wash buffer.
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Figure 2-4. Schematic drawing of the slide functionalization.
ClpA-FLAG is bound to the glass surface via an anti-FLAG
antibody. The substrate Cy3-ssrA is in solution above the surface
along with ATP or ATPyS; when Cy3-ssrA molecules approach
the surface, they fluoresce.
TIRF Instrument Set-Up and Measurement. Access to the imaging system used for
data collection was generously provided by Professor Jeff Gelles at Brandeis University.
The set-up (Friedman et al, 2006) allows TIR excitation of fluorophores near the slide
surface to be detected using an electron multiplying charge-coupled device camera. The
intensity of the 532-nm line of an Nd-YAG laser was adjusted with neutral density filters;
laser intensity immediately before the objective ranged from 2.11-2.15 milliwatts. Image
acquisition software created in the Gelles lab
(http://www.brandeis.edu/projects/gelleslab/glimpse/glimpse.html) was used to control
data collection. Videos were collected at 36.0+0.2 msec per frame.
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Figure 2-5. Integrated pixel intensities over time for sample areas of
interest (AOIs) selected from movies taken in the presence of ATP and
ClpA (top), ATPyS and ClpA (middle), and ATP but no ClpA (bottom).
As is the case for other AOIs studied, these sample plots demonstrate
all-or-none gain and loss of fluorescence signals, indicating that single
molecules are being observed.
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Analysis of TIR Fluorescence Data. Images were spatially bandpass filtered using a
publicly available function written for Matlab (Appendix 2.5.6.1). A separate function,
pkfnd, was used to locate areas of interest ("AOIs") with a threshold value of 70
(Appendix 2.5.6.2). AOls measured 10 by 10 pixels, or 0.4 ltm 2. Custom-written
software created using Matlab was used to track the intensity of detected spots
throughout the frames of a given movie (Figure 2-5). For each AOI, a noise range
determined from baseline values was entered by the user; intensities greater than the sum
of the average noise plus 2.5 times the standard deviation of the noise was considered a
fluorescent signal. The "on-time", or length of time in which the intensity consistently
remained above the given threshold, was calculated for each AOL. Because of 1-2 frame
"blinking" events, an off event was declared when the signal in 2 successive frames was
below the signal threshold. For approximately 20% of the AOIs detected by the spot-
picking function, the intensity was at or below the signal threshold in the twenty frames
following the frame in which the AOI was identified, and these AOIs were omitted from
the analysis.
Maximum likelihood fitting was used to obtain best-fit residence times from the
observed on-times. The QuB software suite (Qin et al, 1996) that was used for maximum
likelihood fitting operates with time series datasets in which on-times alternate with off-
times. Because only on-times were calculated from the data, it was necessary to
construct time series in which experimental on-times were alternated with off-times
drawn from a simulated distribution (an average off-time of 4 s was used). These
datasets were analyzed using the maximum interval likelihood function of QuB. For each
dataset, the data were fitted to Markov models with one or more "on" states and a single
"off' state; the number of "on" states was increased until the inclusion of an additional
state did not increase the likelihood of the fit. The simulated off-time of 4 s was
recovered from the fit in all cases.
The bandwidth of this assay is 36 ms, or the length of one frame. For all
distributions, some one and two-frame events are not well-fit by the functions obtained
by the maximum likelihood algorithm. These short-lived events may represent another
state, but because of the bandwidth of the assay, we are not able to determine the lifetime
of this potential state.
Steady-State Kinetic Assays. ClpA (50 tM) was added to a 370C mixture containing 25
RM ClpP, 10 mM ATP, 50 mM HEPES pH 7.5, 300 mM KC1, 20 mM MgC12, 0.5 mM
DTT, 10% glycerol, 102.8 mM aminomethylcoumarin (AMC, used as an internal
standard), and varying concentrations of Cy3-ssrA. Aliquots were removed from the
reaction mixture at various time intervals and mixed with guanidinium hydrochloride to a
final denaturant concentration of 3 M; this concentration is sufficient to arrest ClpAP
substrate degradation (Laura Jennings, personal communication). Samples were
analyzed by C4 reverse phase chromatography. Enzymatic rates were calculated based
on the integration of the major product peak with respect to the AMC internal standard.
ATPyS steady-state kinetic assays and characterization of ATPyS.
A pyruvate kinase/lactate dehydrogenase coupled-enzyme assay was used to determine
the rate of hydrolysis of ATP and ATPyS by C!pA-FLAG as previously described (Choi
and Licht, 2005). All reagents for this assay were purchased from Sigma. Reactions
were performed with 7.5 mM phosphoenolpyruvate, 0.2 mM NADH, 19 units/mL
pyruvate kinase, 21 units/mL lactate dehydrogenase, and 2.5 mM nucleotide (ATP or
ATPyS). ClpA 6 was present at 60 nM for assays containing ATP and 180 nM for assays
containing ATPyS. The hydrolysis of ATP by CIpA-FLAG was found to occur at a rate
of 0.99+0.05 micromoles ADP formed/min/mg ClpA, whereas the corresponding rate for
ATPyS was measured at 0.019±0.01 micrornoles ADP formed/min/mg ClpA; thus the
apparent hydrolysis rate for ATPyS is approximately 2% of that for ATP. In using the
same assay in the absence of CipA, we determined the ADP contamination level of
ATPyS to be 6.9%, which matched the level reported by the manufacturer. The coupled
enzyme system converts ADP to ATP, and thus 6.9% of the ATPyS added to the assay is
effectively converted to ATP that may be hydrolyzed by ClpA. Indeed, in the presence
of 0.1725 mM ATP (i.e., 6.9% of the ATPyS concentration used for the original assays)
ADP is formed at the rate 0.043 ± 0.020 micromoles/min/mg ClpA, or 4% of the ATP
hydrolysis rate in the presence of saturating ATP. Thus the observed 2% rate of ATPyS
hydrolysis appears to be due to ADP contamination of the ATPyS sample rather than
actual hydrolysis of ATPyS.
2.4 RESULTS AND DISCUSSION
Single molecule methods (Cornish and Ha, 2007) are ideal for the observation of multiple
conformations that might not be observable in bulk solution. We used total internal
reflection fluorescence (TIRF) microscopy (Funatsu et al, 1995; Tokunaga et al, 1997;
Friedman et al, 2006), an increasingly widespread single molecule technique, to visualize
fluorescently tagged peptide substrates bound to ClpA. A variant of ClpA containing an
engineered FLAG epitope at the amino terminus was immobilized on glass coverslips
coated with anti-FLAG antibodies. A peptide substrate based on the ssrA ClpA/X
targeting sequence AANDENYALAA (Gottesman et al, 1998) was covalently tagged at
its amino terminus with the fluorophore Cy3. Incubation of the Cy3-ssrA substrate with
immobilized ClpA allows visualization of individual substrate molecules (Figure 2-4).
ClpA assembles into its hexameric, substrate-binding form only in the presence of ATP
or its nonhydrolyzable analog ATPyS (Maurizi et al, 1998), and accordingly, significant
numbers (>10/frame) of substrate molecules immobilized for 100 ms or more are only
observed when both ClpA and ATP or ATPyS are present (Figure 2-6).
-CloA
Figure 2-6. Sample frames from experiments conducted in the presence (left) and
absence (right) of CIpA. Scale bars are 2 micrometers.
The distribution of substrate residence times for wild-type ClpA in the presence of
ATP indicates the formation of a labile bound species that is kinetically competent to be
an intermediate in processive proteolysis. The ensemble turnover number for proteolytic
digestion of Cy3-ssrA by ClpAP was measured to be 0.3 s' (see Appendix 2.5.3 for
details); assuming that translocation occurs at similar rates in the presence and absence of
ClpP, one would thus expect the residence time of substrate on ClpA to be less than 3 s.
The distribution of residence times was fitted using a maximum likelihood technique
(Qin et al, 1996) and has one dominant kinetic component with t=650±40 ms (Figure 2-
7). This residence time is shorter than the total residence time expected for a catalytic
cycle, indicating that the observed dissociation reaction is kinetically competent for the
proteolytic reaction.
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Figure 2-7. Histograms indicating the number of ClpA states
present in experiments conducted with wild-type CIpA and
ATP (above), wild-type CIpA and ATPyS (middle), and
K501R ClpA and ATP (below). Arrows indicate lifetimes of
the various states.
The residence time for the peptide substrate was also measured under conditions
where ClpA binds but cannot hydrolyze ATP. In the presence of the poorly hydrolyzable
ATP analogue ATPyS (Thompson et al, 1994), ClpA can access substrate-bound
conformations that are stable for much longer than observed in the presence of ATP, as
well as a shorter-lived bound state (Figure 2-7). The lifetimes of the three states are
3200+490, 20700+2800, and 170+40 ms, and the relative amplitudes of the states
(representing the fraction of the total events corresponding to each state) are 0.46+0.04,
0.21+0.04, and 0.33±0.03, respectively. The analysis does not rule out the possibility that
each state actually consists of multiple components; however, adding such components
does not improve the fit. The long-lived states can be identified as high-affinity states;
the rate at which the peptide substrate binds to ClpA is at most 2-fold slower in the
presence of ATPyS compared to ATP (Appendix 2.5.4), indicating that the equilibrium
constant for binding of the ATPyS-induced long-lived state to the peptide substrate is at
least 2.5-fold that of the short-lived state observed in the presence of ATP. Previous
biochemical work indicates that ClpA has only a single substrate binding site (Piszczek et
al, 2005), suggesting that the short-lived and long-lived states result from conformational
rearrangement of a single binding site, rather than occupancy of high- and low-affinity
sites at distinct locations in the complex.
The mutant K501R variant of CIpA, which binds ATP but exhibits severely impaired
ATP hydrolysis compared to the wild-type (Singh et al, 1994; Seol et al, 1995), was also
studied. Two distinct bound states of the peptide substrate exist for this mutant in the
ATP-bound form (Figure 2-7): one with a lifetime of 180+36 ms (amplitude 0.54±0.04),
and the second with a lifetime of 1700+140 ms (amplitude 0.46+0.04). Substitution of
ATPyS for ATP does not affect these values significantly. Thus, as observed for the
wild-type enzyme in the presence of ATPyS, a bound state that is stable on the timescale
of seconds coexists with a much more labile bound state.
These results support the "alternating affinity" mechanism, and are inconsistent with
the "constant affinity" mechanism. In the "alternating affinity" model (Figure 2-8), ClpA
in the ATP-bound state may adopt either a high-affinity or a low-affinity state, both of
which are observed under conditions where nucleotide is bound but hydrolysis is
impaired. Because ATP hydrolysis is rapid (-50 s-1) (Choi and Licht, 2005) compared to
the dissociation rate of the peptide (<0.3 s-'), the pre-hydrolytic high-affinity state can
efficiently be converted to a post-hydrolytic low-affinity state, explaining why the high-
affinity conformation is not observed in the presence of hydrolyzable nucleotide. This
mechanism is also consistent with previous studies on peptide product sizes of ClpAP,
which indicate that translocation proceeds in discontinuous steps (Choi and Licht, 2005).
A variant of this mechanism in which ATP hydrolysis induces rapid equilibration of the
pre-hydrolytic high- and low-affinity states might also be considered. However, because
exits from the low- affinity state would dominate the kinetics for a rapidly equilibrating
system, such a mechanism would predict substrate residence times similar to those of the
low-affinity state, in contrast to our observations (simulations illustrating this effect are
available in Appendix 2.5.7).
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Figure 2-8. Scheme for ATP-dependent affinity switch in
ClpA.
The observation that ClpA can adopt a low-affinity conformation under catalytic
conditions suggests that this system is able to alternate between high- and low-affinity
states while maintaining high processivity. The relatively long lifetime of the low-
affinity state makes such a mechanism feasible. Because even the low-affinity state is
stable for an average of 650 ms, translocation will be highly processive as long as the
low-affinity state is converted back to the high-affinity state with a rate constant > 1.5 s1
(1/650 ms). Future work will focus on the use of longer peptide substrates to observe
multiple translocation steps directly, with the goal of observing the microscopic steps in
the translocation process (i.e., ATP hydrolysis, the primary translocation event, and
release of the product). While much remains to be learned about the details of the
translocation mechanism, the current results provide a framework for understanding how
processive proteases transduce the free energy of ATP hydrolysis into the mechanical
work of substrate translocation.
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2.5.1 CIpA Protein Purification
A plasmid containing the gene for ClpA with kanomycin resistance was obtained from
the Robert Sauer lab. The gene product of this plasmid contains a single mutation from
wildtype, M169T, which eliminates a false transcriptional start. The plasmid is
transformed into electrocompetent E coli BL21 cells; these cells were plated onto LB-
agar plates containing 30 mg/L kanomycin. Four one-liter cultures in LB media with
appropriate antibiotics are grown up at 370 C from a single colony selected off this plate.
Plasmid transcription is induced with IPTG (1 M final concentration) once cell density
reaches -0.6 AU. Cultures are transferred to a shaker at 25°C, and after three hours, cells
are harvested by centrifugation at 6000*g for 10 minutes. Cell pellets average 7-9 grams
per 4 liters of culture and are stored frozen at -80'C until ready for purification.
The frozen cell pellet is resuspended in Buffer AO (50 mM HEPES, pH 7.5, 2 mM
EDTA, 1 mM DTT, 10% glycerol) and sonicated at during five one-minute intervals (2
sec on, 1 sec off, 70% amplitude). The cell lysate is spun at 30,000 * g for 30 min to
clear the lysate. The pellet is discarded, and the supernatant is treated with polyethylene
imine (PEI, 0.05% final concentration) to precipitate the nucleic acids. The resulting
suspension is stirred at 40C for 20 min and then spun at 30,000 * g for 30 min; the pellet
containing nucleic acids is discarded. Additional PEI is then added to 0.3% final
concentration in order to precipitate ClpA. Again, the mixture is stirred at 40 C for 20
min and then spun at 30,000 * g for 30 min. Potassium chloride (KC1) is used to extract
the ClpA from the resulting pellet: for every gram of original cell mass, 25 mL of Buffer
A400 (50 mM HEPES, pH 7.5, 2 mM EDTA, 1 mM DTT, 10% glycerol, 400 mM KC1)
is added. The mixture is stirred at 40 C for 20 min and then centrifuged at 30,000 * g for
20 min. The pellet is discarded, and solid ammonium sulfate is gradually added to 40%
saturation (0.21 g per mL extract). This mixture is stirred for 20 min to twelve hours at
4°C and then spun at 30,000 * g for 20 min at 40 C. The supernatant is discarded,
whereas the pellet containing ClpA is treated with 7 mL Buffer PO (20 mM potassium
phosphate buffer, pH 7.5, 2 mM EDTA, 1 mM DTT, 10% glycerol) per gram of original
cell mass. Additional PO is added until the conductivity of the solution reaches that of a
P100 solution (20 mM potassium phosphate buffer, pH 7.5, 2 mM EDTA, 1 mM DTT,
10% glycerol, 100 mM KC1). The suspension is stirred for 20 min at 4°C and then
centrifuged at 20,000 * g for 15 minutes to clear remaining particulates. At this point, the
pellet and supernatant are separated. The ClpA contained in the pellet is extracted using
Buffer A400; the mixture is spun to remove debris, and the supernatant is concentrated to
5-10 mg/mL and considered "high-salt ClpA." The supernatant from the KCl step, which
contains the "low-salt ClpA," is loaded onto a 25 mL MonoS cation exchange column
(Bio-Rad) equilibrated with P100 buffer and eluted using a 70 mL linear gradient from
P100 to P1000 (20 mM potassium phposphate buffer, pH 7.5, 2 mM EDTA, 1 mM DTT,
10% glycerol, 1000 mM KCI). Fractions containing active ClpA are combined; the ClpA
resulting from these steps is -90% pure. The protein can be further purified if necessary
by an anion exchange column. To do so, the cation exchange fractions are treated with
solid ammonium sulfate (to 40% saturation, 0.21 g per mL extract). The suspension is
stirred at 40 C for 20 minutes to overnight and then centrifuged for 20 min at 30,000 * g.
The ClpA-containing pellet is resuspended in Buffer AO to an equilavent conductivity of
Buffer A100 (50 mM HEPES, pH 7.5, 2 mM EDTA, 1 mM DTT, 10% glycerol, 100 mM
KC1). The material is then loaded onto a 5 mL MonoQ cation exchange column (Bio-
Rad) and eluted with a 70 mL linear gradient from A100 to A1000 Buffer (50 mM
HEPES, pH 7.5, 2 mM EDTA, 1 mM DTT, 10% glycerol, 1000 mM KC1). Fractions
containing active ClpA are combined and concentrated to 5-10 mg/mL and aliquotted
into 50-100 [iL portions; the portions are flash frozen in liquid nitrogen and stored at (-
800C).
ClpA is highly temperature sensitive, and it loses activity after relatively short
exposures to room temperatures. The steps of the protein purification are carried out in a
4°C cold room or on ice. The protocol yields 50-80 mg ClpA with a specific activity of
1.7-2.5 micromoles ATP hydrolyzed per minute per milligram of ClpA. The extinction
coefficient for CIpA is 0.4 mL mg~' cm 1'. CIpA remains stable in cell pellets stored at -
80'C for up to three months.
ClpA Activity Assay. ClpA's enzymatic activity can be measured using a standard
coupled-enzyme assay for ATPase activity. A small sample of protein is added to a
solution of Buffer V-0 (50 mM HEPES, pH 7.5, 300 mM KC1, 20 mM MgCl 2, 0.1% NP-
50 substitute, and 10% glycerol) containing 0.2 mM NADH, 7.5 mM
phophoenolpyruvate, 9.5 units pyruvate kinase, 10.5 units lactate dehydrogenase, and 2.5
mM ATP. Absorbance at 340 nm is measured over a period of a few minutes; decrease
in absorbance at this wavelength represents a decrease in NADH, which is coupled 1:1 to
a decrease in ATP concentration due to ClpA's ATPase activity.
2.5.2 CIpP Protein Purification
Plasmid containing ClpP with a C-terminal His6 with kanomycin and ampicillin
resistance was provided by Robert Sauer. This plasmid was transformed into
electrocompetent E. coli DH5c-QE704 K175 cells, which were subsequently plated on
LB-agar with appropriate antibiotics. Seven one-liter cultures in LB media with 30 mg/L
kanomycin and 50 mg/L ampicillin were grown from a single colony at 300 C until cell
density was -0.6 AU. ClpP plasmid transcription was induced with IPTG (0.5mM final
concentration). Three hours later, cells were harvested by centrifugation at 6000 x g for
10 min. Cell pellets averaged 12-16 g per 7 L culture and were stored frozen at -800 C
until ready for purification.
ClpP was purified according to the method outlined in Maurizi et al (1994). Cells
were resuspended in 3 mL of Buffer S (50 mM sodium phosphate, pH 8.0, 1 M NaC1, 5
mM imidazole, 10% glycerol) per gram of cell pellet and were lysed via sonication (4 * 1
min, 70% amplitude, cooled using an ice bath). The resulting lysate was centrifuged, and
the pellet was discarded. A 15 mL NTA Superflow column (Qiagen) was charged with
nickel sulfate and washed with five column volumes of Buffer S. The lysate supernatant
was mixed with the prepared Superflow resin for one hour. The mixture was packed into
a column and washed with 200 mL Buffer S followed by 100 mL Buffer W20 (50 mM
sodium phosphate, pH 8.0 1 M NaCI, 20 mM imidazole, 10% glycerol) at 1.6 mL/min.
ClpP was eluted using 50 mL Buffer W500 (50 mM sodium phosphate, pH 8.0, 1 M
NaCl, 500 mM imidazole, 10% glycerol), at 1.6 mL/min. Fractions containing active
ClpP were combined and dialyzed overnight against Buffer Q50 (50 mM Tris, pH 8.0, 10
mM MgCl 2, 50 mM KC1, 10% glycerol, 5 mM DTT). The dialyzed sample was filtered
through a 0.45 [tm filter and loaded onto a HighQ anion exchange column (BioRad). The
column was developed using a linear gradient from 50 mM to 1 M potassium chloride
(Q50 to Q1000 buffer, where Q1000 is 50 mM Tris, pH 8.0, 10 mM MgCl 2, 1 M KC1,
10% glycerol, 5 mM DTT). Fractions containing active ClpP were combined and
dialyzed against ClpP Buffer (50 mM Tris, pHi 7.5; 200 mM KC1, 0.1 mM EDTA, 25
mM MgC12, 10% glycerol, 1 mM DTT). Purified ClpP was flash frozen in liquid
nitrogen and stored in aliquots at -800 C. ClpP14 concentration was determined by optical
density at 280 nm, with e = 125160 M-'cm-r (Kim et al, 2000).
2.5.3 Steady-state kinetic parameters for ClpAP-catalyzed proteolysis of Cy-ssrA
ClpAP displays Michaelis-Menten kinetics in its degradation of Cy3-ssrA (Figure 2-9)
with a turnover number of 18 min-' and a KN value of 7 gM. These values are similar to
the steady state kinetic parameters for ClpAP processing of ssrA-tagged protein
substrates such as GFPssrA, which displays a turnover number of 15 min-' and a KM
value of 5 ItM (Choi and Licht, 2005).
Figure 2-9. Michaelis-Menten plot of ClpAP
degradation of Cy3-ssrA.
2.5.4 Association Rate Estimate
The relative association rates of Cy3-ssrA with the ClpA-coated glass surface for the
different experimental conditions can be determined by plotting the cumulative number n
of AOIs that have been detected versus the time at which the nth AOI is detected. The
slope of this curve represents two processes: (a) the rate at which the algorithm picks up
spots missed from previous frames, and (b) the actual association rate of Cy3-ssrA
molecules with the ClpA-covered surface. The former process dominates in the initial
frames, where many spots present in the first frame are first detected in the following two
or three frames. The latter process becomes dominant in later frames, and therefore to
compare the association rates between conditions, the slope of the curve was determined
from the first ten AOIs appearing after the initial five frames of illumination. The rates
of association are approximately equal for the wild-type ClpA with ATP, K501R ClpA
with ATP, and K501R ClpA with ATPyS (Figure 2-10). The rate of new spots appearing
under the wild-type ClpA with ATPyS condition, though, is about half the rate of the
other three conditions, for reasons that are not yet clear. The association rate for Cy3-
ssrA with wild-type ClpA in the presence of ADP, or with the surface in the absence of
ClpA, is approximately 10% of the rate for wild-type ClpA with ATP.
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Figure 2-10. The rate of new spots appearing
in frames. Uncertainties shown are the
standard errors of the mean.
2.5.5 Laser Power Studies
The majority of our TIRF experiments were conducted using an NdYAG laser intensity
of 2 mW. Because photobleaching is power-dependent, we collected and analyzed data
from the WT/ATPyS condition (i.e., the condition yielding the longest residence times) at
a lower laser intensity of I mW. If photobleaching played a significant part in the
observed distribution at 2 mW, we would expect the fitting of the 1 mW distribution to
yield longer residence times. Instead, we find a similar proportion of long-lifetime events
in the two conditions. In particular, the fraction of events lasting longer than 10 s is 10%
at 1 mW and 8% at 2 mW. We conclude that substrate photobleaching does not play a
significant role in the observed kinetics.
2.5.6 Matlab scripts
2.5.6.1 Bandpass filtering: bpass
The following freeware Matlab function was created in the David Weitz lab. The
function bandpass filters image data.
function res = bpass(arr,lnoise,lobject)
%; NAME:
% ; bpass
%; PURPOSE:
% ; Implements a real-space bandpass filter which suppress
% ; pixel noise and long-wavelength image variations while
% ; retaining information of a characteristic size.
%;
%; CATEGORY:
% ; Image Processing
%; CALLING SEQUENCE:
% ; res = bpass( image, Inoise, lobject)
%; INPUTS:
% ; image: The two-dimensional array to be filtered.
% ; Inoise: Characteristic lengthscale of noise in pixels.
% ; Additive noise averaged over this length should
% ; vanish. MAy assume any positive floating value.
% ; lobject: A length in pixels somewhat larger than a typical
% ; object. Must be an odd valued integer.
%; OUTPUTS:
% ; res: filtered image.
%; PROCEDURE:
% ; simple 'wavelet' convolution yields spatial bandpass filtering.
%; NOTES:
%; MODIFICATION HISTORY:
% ; Written by David G. Grier, The University of Chicago, 2/93.
% ; Greatly revised version DGG 5/95.
% ; Added /field keyword JCC 12/95.
% ; Memory optimizations and fixed normalization, DGG 8/99.
% Converted to Matlab by D.Blair 4/2004-ish
% Fixed some bugs with conv2 to make sure the edges are
% removed D.B. 6/05
% Removed inadvertent image shift ERD 6/05
% Added threshold to output. Now sets all pixels with
% negative values equal to zero. Gets rid of ringing which
% was destroying sub-pixel accuracy, unless window size in
% cntrd was picked perfectly. Now centrd gets sub-pixel
% accuracy much more robustly ERD 8/24/05
%;
% ; This code 'bpass.pro' is copyright 1997, John C. Crocker and
% ; David G. Grier. It should be considered 'freeware'- and may be
% ; distributed freely in its original form when properly attributed.
b = double(inoise);
w = round(lobject);
N =2*w+ 1;
% Gaussian Convolution kernel
sm = 0:N-l;
r = (sin - w)/(2 * b);
gx = exp( -r.2) / (2 * b * sqrt(pi));
gy = gx';
%Boxcar average kernel: background
bx = zeros(1,N) + 1/N;
by = bx';
% Do some convolutions with the matrix and our kernels
res = arr;
g = conv2(res,gx,'valid');
tmpg = g;
g = con v2(tmpg,gy,'valid');
tmpres = res;
res = conv2(tmpres,bx,'valid');
tmpres = res;
res = conv2(tmpres,by,'valid');
tmpg= 0;
tmpres=0;
arrres=zeros(size(arr));
arr_g = zeros(size(arr));
arr_res((lobject+ I):end-lobject,(lobject+ I):end-lobject) = res;
arr_g((lobject+l ):end-lobject,(lobject+l ):end-lobject) = g;
%res = arrg-arr_res;
res=max(arr_g-arr_res,0);
2.5.6.2 Spot identification: pkfnd
The following freeware Matlab function was created in the David Weitz lab. The
function identifies areas of interest (AOls) from bandpass-filtered images.
function out-pkfnd(im,th,sz)
%pkfnd: finds local maxima in an image to pixel level accuracy.
% this provides a rough guess of particle
% centers to be used by cntrd.m. Inspired by the Imx subroutine of Grier
% and Crocker's feature.pro
% INPUTS:
% im: image to process, particle should be bright spots on dark background with little
noise
% ofen an bandpass filtered brightfield image (fbps.m, fflt.m or bpass.m) or a nice
% fluorescent image
% th: the minimum brightness of a pixel that might be local maxima.
% (NOTE: Make it big and the code runs faster
% but you might miss some particles. Make it small and you'll get
% everything and it'll be slow.)
% sz: OPTIONAL if your data's noisy, (e.g. a single particle has multiple local
% maxima), then set this optional keyword to a value slightly larger than the diameter of
your blob. if
% multiple peaks are found withing a radius of sz/2 then the code will keep
% only the brightest. Also gets rid of all peaks within sz of boundary
%OUTPUT: a N x 2 array containing, [row,column] coordinates of local maxima
% out(:,1) are the x-coordinates of the maxima
% out(:,2) are the y-coordinates of the maxima
%CREATED: Eric R. Dufresne, Yale University, Feb 4 2005
%MODIFIED: ERD, 5/2005, got rid of ind2rc.m to reduce overhead on tip by
%Dan Blair; added sz keyword
% ERD, 6/2005: modified to work with one and zero peaks, removed automatic
% normalization of image
% ERD, 6/2005: due to popular demand, altered output to give x and y
% instead of row and column
% ERD, 8/24/2005: pkfnd now exits politely if there's nothing above
% threshold instead of crashing rudely
%find all the pixels above threshold
%im=im./max(max(im));
ind=find(im > th);
[nr,nc]=size(im);
tst=zeros(nr,nc);
n=length(ind);
if n==0
out=[];
display('nothing above threshold');
return;
end
mx=[];
%convert index from find to row and column
rc=[mod(ind,nr),floor(ind/nr)+l ];
for i=1:n
r=rc(i, 1);c=rc(i,2);
%check each pixel above threshold to see if it's brighter than it's neighbors
% THERE'S GOT TO BE A FASTER WAY OF DOING THIS. I'M CHECKING
SOME MULTIPLE TIMES,
% BUT THIS DOESN'T SEEM THAT SLOW COMPARED TO THE OTHER
ROUTINES, ANYWAY.
if r>l & r<nr & c>l & c<nc
if im(r,c)>im(r-1,c-1) & im(r,c)>im(r,c-1) & im(r,c)>im(r+1,c-1) &...
im(r,c)>im(r- ,c) & im(r,c)>im(r+l,c) & ..
im(r,c)>im(r- ,c+i ) & im(r,c)>im(r,c+l ) & im(r,c)>im(r+l,c+1)
mx=[mx,[r,c]'];
%tst(ind(i))=im(ind(i));
end
end
end
%out=tst;
mx=mx';
[npks,crap]=size(mx);
%if size is specified., then get ride of pks within size of boundary
if nargin==3 & npks>0
%throw out all pks within sz of boundary;
ind=find(mx(:, I)>sz & mx(:,1)<(nr-sz) & mx(:,2)>sz & mx(:,2)<(nc-sz));
mx=mx(ind,:);
end
%prevent from finding peaks within size of each other
[npks,crap]=s ize(mx);
ifnpks > 1
%CREATE AN IMAGE WITH ONLY PEAKS
nmx=npks;
tmp=0.*im:
for i=l:nmx
tmp(mx(i,1 ),mx(i,2))=im(nmx(i, I),mx(i,2));
end
%LOOK IN NEIGHBORHOOD AROUND EACH PEAK, PICK THE BRIGHTEST
for i=l:nmx
roi=tmp( (mx(i,1 )-floor(sz/2)):(mx(i, 1)+(floor(sz/2)+ 1 )),(mx(i,2)-
fioor(sz/2)):(mx(i,2)+(floor(sz/2)+1 )));
[mv,indi]=max(roi);
[mv,indj]=max(mv);
tmp( (mx(i, I )-floor(sz/2)):(mx(i, 1 )+(floor(sz/2)+ 1 )),(mx(i,2)-
floor(sz/2)):(mx(i,2)+(floor(sz/2) I )))=0;
tmp(mx(i, I)-floor(sz/2)+indi(indj)-1 ,mx(i,2)-floor(sz/2)+indj-1 )=mv;
end
ind=find(trrp>0);
mx=[mod(ind,nr),floor(ind/nr)+ 1];
end
out(:,2)=mx(:, 1);
out(:, 1)=mx(:,2);
2.5.7 Simulations of rapidly equilibrating high- and low-affinity states
Rapid exchange between high- and low-affinity states would produce a system exhibiting
only a single characteristic residence time. In contrast to results observed for NMR
lineshapes, however, that residence time would not be the average of the interconverting
species' residence times. Rather, in the limit of rapid interconversion between states, the
residence time would approach a value close to that of shorter-lived state, because exits
from this state would dominate the kinetics.
Simulations of dissociation from slowly- and rapidly-equilibrating states illustrate this
effect (S. Licht, Figure 2-11). For slow interconversion (5 s-') between states that
dissociate rapidly (1000 s-) and less rapidly (100 s-1), the residence time distribution has
two characteristic times: 1 ms and 10 ms. When the two states interconvert rapidly
(-10,000 s'), the residence time shifts to 1.9 ms. The difference of a factor of -2
between this residence time and the short residence time in the slow exchange limit is a
statistical factor that arises from the existence of two bound states; the same residence
time is observed when the second bound state cannot dissociate at all.
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Figure 2-11. Simulations of slowly- and rapidly-equilibrating high- and low-affinity
states. (A) Slowly-equilibrating states; the two distinct residence times are denoted with
arrows. (B) Rapidly-equilibrating states.
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Chapter Three
Role of a Conserved Pore Residue
in Formation of a Pre-Hydrolytic High Substrate Affinity State
in the AAA+ Chaperone ClpA
3.1 ABSTRACT
The AAA+ protease CIpAP, consisting of the CIpA chaperone and the CIpP protease,
processively unfolds and translocates its substrates into its proteolytic core, where they
are cleaved. Unfolding and efficient translocation require ATP-dependent
conformational changes in CIpA's D2 loop, where the conserved GYVG motif resides.
To explore the role of the essential tyrosine of this motif, we investigated how two
mutations at this residue (Y540C and Y540A) affect the rate at which the enzyme
processes unstructured substrates. The mutations decrease CIpA's ability to process
unfolded or unstable protein substrates, but do not affect the rates of ATP hydrolysis or
hydrolysis of small peptide substrates. The mutants' substrate binding properties were
also characterized, using single molecule fluorescence microscopy. The single-molecule
studies demonstrate that the conserved tyrosine is essential for formation of the pre-
hydrolytic, high substrate affinity conformation observed in wild-type CIpA. Together,
the results support a model in which destabilization of the high substrate affinity
conformation of CIpA makes translocation less efficient and uncouples it from ATP
hydrolysis.
3.2 INTRODUCTION
AAA+ proteins are a ubiquitous set of ATP-dependent molecular machines that
participate in multiple processes including unwdinding, disassembly, denaturation, and
proteolysis of macromolecule substrates (Neuwald et al, 1999). Members of this large
superfamily contain one or two AAA+ modules, each of which incorporates Walker A
and B motifs that are responsible for ATP binding and hydrolysis and various other
elements that sense the nucleotide occupancy of the ATP-binding site (Neuwald et al,
1999; Ogura and Wilkenson, 2001). The CIp/Hspl00 subfamily of AAA+ proteins is
responsible for ATP-dependent protein unfolding and proteolysis in bacteria and
eukaryotes (Schirmer et al, 1996; Gottesman et al, 1997). Like other members of the
AAA+ superfamily, CIp!Hspl00 family members use the chemical energy of ATP
hydrolysis to perform mechanical work. This energy conversion requires ClpA/P
conformational changes, but the exact mechanisms of these changes are not yet clear.
ClpAP is a Clp/Hspl00 barrel-shaped protease consisting of the serine protease
ClpP flanked by two hexameric ClpA rings (Kessel et al, 1995). Each ClpA monomer
subunit contains two AAA+ moducles in addition to a flexible, largely helical N-domain.
The ClpA hexamer binds its substrates and processively unfolds and translocates them
into ClpP's central cavity, where they are proteolyzed (Ishikawa et al, 2001; Lee et al,
2001). Addition of the ssrA undecapaptide (AANDENYALAA) to a protein is sufficient
for substrate recognition and subsequent degradation by ClpAP (Gottesman et al, 1998;
Weber-Ban, 1999), and the ssrA peptide is by itself a ClpAP substrate (Farbman et al,
2007). Binding of ATP or the non-hydrolyzable analog ATPyS at the first of ClpA's two
AAA+ modules allows for self-assembly of the CIpA hexamer, but active ATP
hydrolysis at the second AAA+ module is required for substrate unfolding and
translocation (Singh et al, 1994).
Previous single-molecule studies have shown that ClpA switches between a pre-
hydrolytic conformation with high affinity for substrate and a post-hydrolytic low-affinity
conformation (Farbman et al, 2007). Structural evidence suggests that one difference
between these two conformations involves the central pore D2 loop of the second AAA+
domain, consisting of residues 520-542. Hexameric models based on crystallographic
studies of ADP-bound ClpA show the D2 loop in a "down" position, pointing towards the
ClpP binding face (Guo et al, 2002; Hinnerwisch et al, 2005). Synchrotron protein
footprinting characterization of ATPyS-bound CIpA suggests this loop takes on an
alternate "up" position, perhaps while interacting with a sensor region in the first AAA+
domain (Bohon et al, 2008). Repetitive cycling between "up" and "down" conformations
has been hypothesized to mediate substrate translocation by CIpA (Hinnerwisch et al,
2005). Similar nucleotide-dependent conformational changes have been reported in other
ATP-dependent proteases (Licht and Lee, 2008). The D2 loop contains a highly
conserved GYVG motif also present in other AAA+ unfoldases (Wang et al, 2001). In
the case of ClpA, substrates interact directly with the D2 loop, and non-conservative
mutations at the tyrosine (Y540) in this motif cause severe defects in unfoldin gand
translocation but allow binding of an ssrA-tagged substrate (Hinnerwisch et al, 2005).
Mutations at the equivalent site in other Clp/Hspl00 family members, including ClpX
(Y153) (Siddiqui et al, 2004), HslUV (Y91) (Park et ai, 2005), and CIpB (Y653A)
(Weibezahn et al, 2004) cause similar phenotypes, although it is still unclear how this
conserved aromatic residue carries out its essential role in substrate denaturation and
translocation.
We further investigated how ClpA's D2 loop and Y540 in particular contribute to
translocation by examining the ability of ClpA mutants lacking this tyrosine to process
unfolded and poorly structured protein substrates as well as short peptides. We then used
single-molecule experiments to demonstrate that the conserved tyrosine is essential for
stable formation of the observed pre-hydrolytic high-affinity state. The enzyme's ability
to process folded substrates is thus correlated with the ability to stabilize this ATP-bound
high substrate affinity state.
3.3 MATERIALS AND METHODS
Preparation of Protein Samples. Wild-type ClpA-FLAG and K501R-FLAG ClpA were
prepared as previously described (Choi and Licht, 2005; Farbman et al, 2007). Standard
PCR techniques were used to prepare plasmids containing the Y540A and Y540C
mutations, with the primers 5'-T ATT GGT GCG CCT CCG GGA GCC GTT GGT TTT
GAT CAG-3' and 5'-GGT GCG CCT CCG GGA TGC GTT GGT TTT GAT-3',
respectively. DNA sequencing was used to verify the resulting constructs' identities in
each case. As the FLAG tag (DYKDDDDKI) is present at ClpA's N-terminus, the
mutated tyrosine is the 549th residue, but we have maintained the Y540A and Y540C
nomenclature to maintain consistency with previous published reports of these mutant
ClpA proteins. The FLAG-tagged ClpA Y540A and Y540C proteins were each prepared
in the same manner as the wild-type and the K501R proteins.
Gel-based Assays. Gel-based assays were conducted to determine the extent of CIpA
autodegradation and of casein degradation. CIpP (0.7 1tM), ATP (10 mM),
phosphocreatine (30 mM), and creatine phosphokinase (0.05 units/mL) were combined in
Buffer A (sodium chloride (100 mM) magnesium chloride (20 mM), glycerol (5% w/v),
and HEPES (50 mM, pH 7.5)) at 37C. To determine the extent of the reaction in the
presence of a non-hydrolyzable ATP analog, 3 mM ATPyS was used in lieu of ATP and
phosphocreatine. a-Casein (25 tM) was used for caseinolysis assays. All reactions were
initiated with addition of ClpA (0.7 IM). At specified time points, samples were
removed from the reaction mixture, mixed with an equal volume of 2x SDS buffer (0. 1M
TrisCl/SDS, pH 6.8, 20% (w/v) glycerol, 4% (w/v) SDS, 3.1% (w/v) DTT, and 0.001%
(w/v) bromphenol blue), and immediately placed in a boiling water bath for five minutes
to quench the reaction and to prepare the sample for gel electrophoresis. Samples were
run on 8% bis/acrylamide gels at 30 mA for approximately one hour. Gels were stained
with Coomassie Brilliant Blue R and destained with a mixture of 7% (v/v) acetic acid and
5% (v/v) methanol in water. Gel images were collected digitally using a CCD camera
(Alphalmager 2200).
BODIPY-Fluoroscein Casein Degradation Assays. To measure the kinetics of casein
degradation, BODIPY FL-labeled casein (Invitrogen) was used as a substrate in a
fluorescence-based assay. The substrate was incubated with ATP in Buffer A at 37'C for
five minutes; a mixture of ClpA and CIpP in buffer A was incubated separately at the
same temperature for the same period of time. To initiate the reaction, the enzymes were
added to the substrate for a final composition of 20 mM ATP, 200 nM ClpA, 100 nM
ClpP, 20 mM magnesium chloride, 5% (w/v) glycerol, and 100 mM sodium chloride,
buffered with 50 mM HEPES at pH 7.5, with concentrations of the labeled casein
substrate ranging from 0 to 250 tg/mL. The fluorescence of the individual BODIPY FL
moieties is quenched when the casein molecule is intact, but upon cleavage of the casein
substrate, fluorescence is detectable. The excitation and detection wavelengths used in
the assays were 485 nm and 530 nm, respectively. Apparent kcat and KM values were
determined by measuring rates of fluorescence increase over the first 60 seconds after
reaction intiation. For assays determining the caseinolytic activity of partially
autodegraded CIpAP, the reactions were carried out in the same manner, but 20 mM ATP
was incubated with the CIpA and CIpP components prior to addition of the substrate/ATP
mixture. For these assays, the BODIPY FL-casein substrate concentration was 250
pg/mL (approximately a 6-fold increase over the apparent KM).
ATPase Assays. ATPase activities of wild-type and mutant ClpA-FLAG were measured
with a standard coupled enzyme assay. Sample protein (100 nM) was combined with
phophenolpyruvate (7.5 mM), reduced [3-nicotinamide adenine dinucleotide (NADH, 0.2
mM), ATP (5 mM), pyruvate kinase (9.3 units/mL), and lactate dehydrogenase (10.7
units/mL) in a buffer consisting of 50 mM HEPES at pH 7.5, 300 mM potassium
chloride, 40 mM magnesium chloride, 0.1% nonidet P40 (CAS 9016-45-9), and 10%
(w/v) glycerol. Assays measuring the ATPase rate after partial degradation of ClpA also
contained 50 nM ClpP. Formation of ADP is coupled to conversion of NADH to its
oxidized form, resulting in a loss of absorbance at 340 nm. Enzymatic ATPase rates
were calculated from the change in absorbance.
Mass Spectrometric Analysis of Autodegradation Product. Partially autodegraded
Y549A CIpA samples were run on an 8% bis/acrylamide SDS gel and Coomassie stained
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as described above. The apparent autodegradation product and the apparent intact ClpA
bands were cut from the gel and submitted to the MIT Center for Cancer Research
Proteomics Core Facility for enzymatic digestion and LC-MS/MS analysis. Separate
analyses after a trypsin digest and after a GluC digest provided reasonable coverage of
the intact CIpA sample (59%).
Peptidolysis Assays. CIpP cleavage rates of the fluorogenic substrate succinyl-Leu-Tyr-
aminomethylcoumarin (succ-LY-AMC) were measured before and after ClpA partial
autodegradation. ClpP (400 nM), ClpA (1 [M), ATP (10 mM), phosphocreatine (30
mM), and creatine phosphokinase (0.05 units/mL) were combined in Buffer A. The succ-
LY-AMC substrate was added (final concentration of 1 mM) simultaneously with the
ClpA for one set of samples and five minutes after addition of ClpA for the second set of
samples. Fluorescence readings (excitation and detection wavelengths 345 and 440 nm,
respectively) were taken at 10-second intervals.
TIRF Experiments. Single-molecule total internal reflection fluorescence (TIRF) studies
were conducted on the wild-type and mutant ClpA proteins to determine residence time
distributions of a sample substrate. The substrate in these studies, Cy3-ssrA, consisted of
the ssrA peptide (AANDENYALAA) with a Cy3 fluorescent dye moiety appended to its
N-terminus. This substrate was prepared as described previously (Farbman et al, 2007).
The microscope set-up was designed and constructed in the laboratory of Professor Jeff
Gelles (Brandeis University), who generously provided access to it for these experiments.
The set-up (Friedman et al, 2006) allows for the detection of fluorescence created by TIR
excitation of fluorophores near the slide surface. The slide functionalization and data
collection and analyses were performed as described previously (Farbman et al, 2007).
Briefly, wild-type or mutant FL.AG-tagged hexameric CIpA was immobilized on a glass
surface using anti-FLAG antibodies in the presence of ATPyS. The Cy3-ssrA substrate
molecule was perfused onto the surface in the presence of an oxygen-scavenging system
(consisting of glucose, glucose oxidase, catalase, and 3-mercaptoethanol) used to
decrease photobleaching. Video images were taken at 35 ± 1 ms/frame and then
analyzed using publicly available scripts developed in the laboratory of Prof. David
Weitz (Harvard University) (http://www.seas.harvard.edu/projects/weitzlab/matlab/
latest_code) and home-written software to determine the length of residence time of
single fluorophores. The resulting distributions were fittend using a meximum likelihood
fitting algorithm using the QuB software suite (Qin et al, 1996). Using a user-defined
model and the observed data, this algorithm finds the values of the rate constants in the
model that are nst likely to product the observed data. This type of fitting algorithm is
commonly used in analysis of single molecule data and is especially useful in
determining whether an additional state sould be added to a model in order to obtain a
better fit to the observed data.
Bulk Cy3-ssrA Degradation Assay. An HPLC-based assay was used to measure the
steady state rates of Cy3-ssrA degradation. Reaction mixtures contained ClpA (200 nM),
ClpP (100 nM), ATP (10 mM), Cy3-ssrA (I ,uM), aminomethylcoumarin (AMC, 25 [M,
serving as an internal standard detectable via absorption at 344 nm), DTT (0.5 mM),
sodium chloride (300 mM), magnesium chloride (20 mM), glycerol (10% w/v), and
HEPES (50 mM, pH 7.5). Samples were taken from the reaction mixtures at various time
100
points and quenched with guanidinium hydrochloride, to a final concentration of 3 M; the
quenched samples were then analyzed by reverse-phase C4 chromatography. Initial
enzymatic rates (v,) were calculated based on the appearance of the major product peak,
which was quantified using its integrated absorbance at 550 nm and normalized to the
integrated absorption of the AMC peak at 344 nm. Values for apparent kca,/KM were
calculated as kca,/KM = v,/([ClpA6j ICy3-ssrA]i).
3.4 RESULTS
Enzymatic Properties of D2 Mutants. We prepared N-terminally FLAG-tagged versions
of ClpA containing the Y540A and Y540C D2 loop mutations, as well as a wild-type
FLAG-tagged ClpA. Addition of the FLAG peptide at the N-terminus had no significant
effect on ATPase activity of wild-type ClpA (data not shown). Previous studies showed
that these mutants bind but are unable to unfold GFP-ssrA, a highly stable substrate
(Hinnerwisch et al, 2005) that wild-type ClpA readily proceses. To determine whether
these mutants' catalytic defects are less severe with less stable substrates, we tested their
activity on casein, a ClpA substrate that lacks a stable tertiary structure (Susi et al, 1967).
The D2 mutants were able to proteolyze a-casein, albeit at a much slower rate than wild-
type ClpA, as qualitatively determined by gel electrophoresis data (Figure 3-la).
To determine the kinetics of caseinolysis by the ClpA D2 mutants more
quantitatively, we used a fluorogenic BODIPY-FL casein assay. The BODIPY-FL casein
packaged in the commercially available assay is heavily labeled with BODIPY-FL
moieties, the fluorescence of which is quenched when the casein molecule is intact.
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Proteolytic cleavage of the labeled casein molecule reduces intramolecular quenching,
resulting in increased fluorescence (Jones et al, 1997). The ClpA D2 mutants were able
to process BODIPY-FL casein, but at a slower rate than the wild-type CIpA (Figure 3-
lb). Using this assay, we determined the steady-state kinetic parameters of the CIpA
mutants' processing of BODIPY-FL casein (Figure 3-1c). We also determined the ability
of a K501R mutant to process the BODIPY-FL casein substrate. The K501R mutation
has previously been shown to have a dramatically reduced ATP hydrolysis rate (Singh et
al, 1994), and any caseinolytic ability this mutant possesses is assumed to stem from
ClpP-pore opening rather than active translocation. Because the Y540A mutant's Vmax
(0.93 - 0.13 relative fluorescence units per second (RFU/s)) is not significantly greater
than that of the K501R mutant (0.78 ± 0.15 RFU/s), we conclude that the majority of the
Y540A mutant's ability to process the BODIPY-FL casein substrate stems from its ability
to open the ClpP pore and provide greater access to the CIpP proteolytic active sites. The
Y540C mutant (Vmax = 1.49 ± 0.15 RFU/s), on the other hand, while still processing the
BODIPY-FL casein substrate more slowly than wild-type (Vmax = 2.53 ± 0.53 RFU/s),
proteolyzes its substrate two-fold faster than the K501R mutant, suggesting that it retains
at least some active translocation ability. This result is not surprising given that the
Y540C mutant has some ability to unfold and proteolyze GFPssrA (Hinnerwisch et al,
2005).
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Figure 3-1. Enzymatic Properties of ClpA D2 Loop Mutants. A) Casein bands from gel
electrophoresis samples show that wild-type CIpAP degrades a-casein more rapidly than
ClpA(Y540A/C)P mutants, which in turn process the substrate slightly faster than
ClpA(K501R)P. Numbers above gel lanes indicate time in minutes at which samples
were quenched. B) Fluorescence emission at 530 nm for reaction mixtures containing
250 [tg/mL BODIPY-FL casein; fluorescence increases upon substrate cleavage by
ClpAP. The D2 loop mutants degrade the BODIPY-FL casein substrate at a slower rate
than does wild-type ClpA. C) Michaelis-Menten plots for BODIPY-FL casein
degradation by wild-type and mutant ClpAP.
D2 loop mutants maintain ATPase activity. To evaluate whether the defects in substrate
processing by the ClpA mutants were related to altered ATPase activity, we tested the
mutants' ability to hydrolyze ATP in the presence or absence of substrate. In the absence
of added substrate, the Y540C and Y540A mutants' ATPase rates (2.22 and 2.07
[tmol/min/mg ClpA, respectively) are not significantly different from that of wild-type
ClpA (2.31 [tmol/min/mg ClpA). The ATPase rate of wild-type ClpA upon addition of
the eleven amino acid ssrA peptide substrate is 91% of its rate in the absence of the
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substrate. This small reduction has been noted for other peptide substrates of the protein
(Maurizi et al, 1994). Similarly, the Y540C and Y540A mutants' ATPase activities are
also mildly reduced by the addition of the ssrA peptide substrate, to 76% and 75% of the
rates in absence of substrate, respectively.
Incomplete autodegradation of D2 mutants. As an additional test of how the D2
mutations affect substrate processing, we examined autodegradation by these mutants.
When paired with ClpP, wildtype ClpA has been reported to undergo ATP-dependent
autodegradation (Gottesman et al, 1990; Seol et al, 1994). Based on the results of casein
and GFPssrA processing experiments, we expected to see low levels of autoprocessing of
ClpA in the Y540C mutant and no activity in the Y540A mutant. Instead, both mutants
begin to autodegrade and then stop. Concurrent with this initial loss of intact ClpA is the
formation of an apparent autodegradation product of approximately 70 kDa (Figure 3-
2a); this product does not form when the reaction is carried out with ATPyS (Supporting
Information). The amount of autodegradation product formed increases for the first two
minutes of the reaction, with no further change over the subsequent three hours.
Furthermore, densitometric analysis of sequential reaction time points on Coomassie-
stained gels of reaction time points indicates that the sum of the apparent autodegradation
product and the intact mutant ClpA stays relatively constant over the course of the
reaction (data not shown), consistent with the hypothesis that the apparent product is
derived from the intact enzyme.
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Peptide mapping was used to identify the apparent autodegradation product.
Samples of the apparent autodegradation product and the intact mutant CipA-FLAG
bands were analyzed by mass spectrometry after undergoing tryptic and Glu-C digests.
The two peptide maps yielded 59% coverage for the intact 767-amino acid CipA-FLAG
molecule (Supporting Information). The C terminus of the intact ClpA molecule was
well-represented in the peptide map, with the peptide detected closest to the C terminus
being LTYGFQSAQKHKAE (residues 742-755). Likewise, the first N-terminal peptide
of the intact ClpA control sample detected was HLLLALLSNPSARE (residues 29-42);
this residue and other peptide residues near the N-terminus were matched with high
confidence. The autodegradation product's C-terminus was also well-represented, with
the same LTYGFQSAQKHKAE peptide being detected with high confidence. The
initial N-terminal peptide detected (VTGANVLVAIFSEQE), however, corresponds to
amino acid residues 103-117 in the intact protein. Thus, the autodegradation product
appears to consist of the intact CIpA molecule minus approximately 100 N-terminal
residues (Figure 3-2b, Supporting Information). Western blot analysis confirmed that the
FLAG-tagged N-terminus was missing from the autodegradation product (data not
shown).
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Figure 3-2. Autodegradation of CIpA D2 loop
mutants. A) ClpA and autodegradation product bands
from gel electrophoresis samples. Numbers above
the gel lanes indicate time in minutes at which
samples were quenched. ClpA runs at ~80 kDa; the
autodegradation product formed by the Y540 mutants
(marked by arrows) runs at ~70 kDa. B) Bar graph
indicating the number of residues observed in various
sections of the peptide maps for an intact ClpA
control (gray) and the autodegradation product
(black). The asterisk indicates that no residues are
represented in the autodegradation product's 1-100
residue group.
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Enzymatic activity of partially degraded D2 mutants. The observation that the partial
autodegradation of the ClpA D2 mutants stops after the first few minutes of the reaction
suggests that partial autoprocessing inhibits further degradation of substrates. One
possible mechanism of inactivation is simple pore blockage by a partially processed CIpA
subunit, preventing degradation of other ClpA subunits. To investigate whether this
might be the case, we probed the enzymatic activity of partially autodegraded ClpA
towards other substrates.
107
A
S 1.63
1.4-
) 1.2-
CO
1.0-
S0.8-
- n 0.6- 2-
B WT Y540A Y540C
O 1.00-
r,
CO)
A 0.75-
Co 0.50-
S0.25-
000 nr. ....... .........
. WT Y540A Y540C
C
2 1.00
o 0.75
7O10
z 0.50
a)
a 0.25
0.00
a) 0.00
WT Y540A Y540C No
CIpA
Figure 3-3. Relative enzymatic rates before and after
partial CIpA autodegradation. A) ATPase rates,
normalized to the rate of ClpA at t=O. White bars:
ATPase rate of ClpA alone in the absence of ClpP at
t=O. Dashed bars: ATPase rate of ClpA upon
addition of ClpP. Gray bars: ATPase rate of CIpA
after a five-minute incubation at 37C with ClpP.
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Black bars: ATPase rate of CIpA after a five-minute
incubation at 370 C in absence of CIpP. B)
Caseinolysis rates, normalized to the rate of wild-type
ClpA prior to autodegradation. White bars:
caseinolysis rate of CIpP immediately after addition of
ClpA. Gray bars: caseinolysis rate of ClpP after a
five-minute incubation with CIpA at 370 C. C)
Peptidolysis rates, normalized to the rate of ClpP in
the absence of ClpA. White bars: peptidolysis rate of
ClpP immediately after addition of CIpA. Gray bars:
peptidolysis rate of CIpP after a five-minute
incubation with CIpA at 370 C.
We first verified that partially autodegraded CIpA mutants maintain their ATPase
activities. Addition of ClpP to CIpA does not immediately alter the ATPase activity of
wild-type ClpA (Figure 3-3a). Upon incubation of CIpAP at 37°C for five minutes, wild-
type ClpA's ATPase activity is reduced to ~60% of its original level; this is expected, as
the wild-type ClpA undergoes extensive autodegradation during this time period. To
verify that this loss of activity is ClpP-dependent, we tested the ATPase activity of ClpA
incubated at 370C in the absence of CIpP. The resulting value is not significantly
different from ClpA's activity prior to incubation, suggesting that the loss observed in the
presence of ClpP is indeed caused by proteolytic degradation of ClpA. The Y549A and
Y549C mutants behave somewhat differently under these conditions. Addition of ClpP
initially marginally increases the ATPase activity; after five minutes, this increase
becomes substantial, ~140% of the pre-ClpP levels. Thus, partial autodegradation of
ClpA D2 mutants slightly increases, rather than decreases, the protein's ATPase activity.
As observed for wild-type CIpA, the activity of the mutants in the absence of ClpP
remains constant over the course of the five-minute incubation period.
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We next investigated the protease activity of partially degraded CIpA mutants
towards the less tightly structured a-casein substrate. Using the BODIPY-FL casein
assay described above, we tested the caseinolytic activity of ClpAP before and after a
five-minute incubation at 37°C with ATP. Wild-type ClpAP was found to have 79 ± 2%
of its caseinolytic activity after this incubation; this decrease is consistent with the
expected autodegradation that occurs during the incubation period (Figure 3-3b). When
paired with ClpP, the ClpA D2 mutants Y549A and Y549C have only 19.4 ± 0.3% and
18 ± 6%, respectively, of their caseinolytic activity after incubation period, despite the
fact that the majority of the protein is not proteolyzed. This result is consistent with a
model whereby the ClpA entrance pore is blocked to some extent by partially degraded
ClpA molecules, leaving little room for casein access.
Another possible explanation for this result is blockage not of the CIpA pore, but
of the ClpP proteolytic active sites. To determine whether the CIpP active sites are
accessible in the post-autodegradation state, we tested the peptidolytic activity of ClpAP
before and after partial autodegradation had occurred. CIpP readily cleaves small
peptides in the presence or absence of CIpA, and previous studies have suggested that
ClpP equitorial pores are large enough to allow passage of small peptides (Sprangers et
al, 2005), providing access to proteolytic sites even if the ClpA cavity is blocked.
Peptidolysis activity towards the well-studied fluorogenic succinyl-Leu-Tyr-AMC
substrate for wild-type CIpAP remains the same before and after autodegradation (Figure
3-3c). Peptidolytic rates for the D2 loop mutants Y549A and Y549C decrease to 84%
and 67% of their initial levels, respectively, after partial autodegradation; this decrease is
significant but not as great as that seen in caseinolytic rates. These data are consistent
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with a model of mutant CIpAP inactivation by partial blockage of both the CIpA entrance
pore and ClpP proteolytic active sites.
D2 loop mutations destabilize peptide-enzvme interactions in the pre-hydrolytic state.
High affinity substrate binding associated with the ATP-bound state of wild-type ClpA
was previously observed using single-molecule total internal reflectance fluorescence
(TIRF) experiments (Farbman et al, 2007). We used the same method to investigate
whether high affinity substrate binding was possible in translocation-deficient D2 loop
mutants. We studied a substrate composed of the ssrA peptide (AANDENYALAA) with
the fluorophore Cy-3 covalently tagged to its N-terminus (Cy3-ssrA).
We first compared the steady-state kinetic parameters of Cy3-ssrA degradation by
ClpP when associated with wild-type or mutant ClpA. Relative to wild-type ClpA, the
apparent kcat/KM values for degradation by the ATPase-deficient K501R and the Y540A
and Y540C variants are severely reduced (23 ± 1%, 10 + 1%, and 10 ± 1% of wild-type
values, respectively). These results suggest that wild-type ClpAP degradation of Cy3-
ssrA occurs by active translocation, rather than by simple pore opening.
After verifying the difference in efficiencies between mutant and wild-type
ClpAP in processing Cy3-ssrA, we turned to a single molecule TIRF assay to determine
whether the mutations affect the stability of the enzyme-substrate complex. In this assay,
wild-type or mutant FLAG-tagged ClpA is immobilized on a coated glass surface in the
presence of the poorly hydrolyzable ATP analogue ATPyS; the Cy3-ssrA substrate and
either ATP or ATPyS are then added to the slide. The previous study (Farbman et al,
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2007) demonstrated that photobleaching and non-specific substrate binding are minimal
under the experimental conditions. Using a maximum likelihood fitting method (Qin et
al, 1996), we found the residence time distributions of substrate on Y540A and Y540C to
be best fitted by single exponential terms with lifetimes of 730 ± 40 ms and 770 ± 40 ms,
respectively, in the presence of ATP (Figure 3-4), where the post-hydrolytic form of
ClpA is expected to predominate in the steady-state. These lifetimes are only slightly
longer than that of wild-type ClpA (650 _+ 40 ms (Farbman et al, 2007)), despite the wild-
type protein's large advantage in processing efficiency.
We also measured the residence time distribution for these mutants in the
presence of ATPyS to mimic the pre-hydrolytic form of the enzyme. As observed in the
presence of ATP, the distributions in the presence of ATPyS were characterized by single
kinetic components; the lifetimes of these components for the Y540A and Y540C
mutants were 1090 ± 40 ms and 970 ± 50 ms, respectively. Thus, the mutants' affinity for
substrate in the pre-hydrolytic state is only slightly greater than in the post-hydrolytic
state. In contrast, addition of ATPyS to wild-type ClpA drives the enzyme into a number
of states, two of which are much longer-lived (lifetimes of 3200 ± 490 ms and 20700 ±
2800 ms) than the enzyme-substrate complex observed in the post-hydrolytic state
(Farbman et al, 2007). These results suggest that the long-lived high affinity state
observed in the wild-type is destabilized in the D2 loop mutants.
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Figure 3-4. Histograms indicating Cy3-ssrA residence times on wild-type (above),
Y540C (middle), and Y540A (below) CIpA in the presence of ATP (left column) and
ATPyS (right column). Maximum likelihood fits to the data are shown as black curves.
Arrows indicate the average lifetimes of the major components of these fits.
3.5 DISCUSSION
Impaired Ability of CipA Pore Loop Mutants to Degrade Unfolded/Disordered Protein
Substrates. ClpA pore loop mutants have defects in their ability to process partially
unfolded or unstructured protein substrates, consistent with the proposed role of this loop
in substrate translocation. The CIpA pore loop mutants Y540C and Y540A process
casein, a protein substrate with little or no stable tertiary structure, but at slower rates
than the wild-type enzyme (Figure 3-1). Although unfolding of the substrate is not
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required for processive proteolysis of casein, processive translocation of the unfolded
substrate is required for degradation of this substrate. These results thus support the
hypothesis that the substrate translocation activity is slower, but not eliminated, in the
Y540C and Y540A mutants.
The phenotype of Y540C/A mutants in autodegradation is also consistent with the
previously proposed roles of these mutants in protein unfolding and translocation
(Hinnerwisch et al, 2005). Neither of the Y540 mutants is capable of complete
autodegradation. Both mutants are, however, capable of translocating and proteolyzing
their N-termini to produce a -70 kDa partial autodegradation product (Figure 3-2). The
crystal structure of ClpA (Guo et al, 2002), shows that the initial 150 amino acids of
ClpA make up a loosely ordered series of helices and loops. This N-domain has been
shown to be highly flexible (Ishikawa et al, 2004). Matouschek and colleagues have
demonstrated that CIpA can process c-helices and surface loops much more readily than
other elements of secondary structure (Lee et al, 2001). The facile processing of the
ClpA N-domain of ClpA by the CIpA pore loop mutants contrasts with the inability of
these mutants to process stable substrates such as ssrA-tagged GFP (Hinnerwisch et al,
2005). The observed partial autodegradation of the mutants is thus consistent with at
least partial maintenance of the substrate translocation activity. These results also
provide evidence that CIpA autodegradation proceeds from its N-terminus.
Evidence for Uncoupling of A TPase/Protease Activities from Substrate Translocation.
Several alternative mechanisms might account for the role of Y540 in translocation and
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processive proteolysis. This residue might participate in activation or deactivation of the
ClpA ATPase active site (with possible indirect effects on the ClpP protease active sites).
Alternatively, this residue might be required for proper coupling of the ATPase and/or
protease catalytic cycles to substrate translocation, without having any direct effect on the
the ATPase or protease activities themselves.
To help distinguish between these alternative models for the role of Y540 in
translocation, we investigated the ability of Y540C and Y540A mutants to catalyze ATP
hydrolysis and to support amide bond hydrolysis by ClpP. Y540C and Y540A have near
wild-type levels of ATPase activity and peptidolysis activity (using the small substrate
succinyl-Leu-Tyr-AMC, which does not require active translocation (Maurizi et al, 1994)
(Figure 3-3). The observations that the Y540 mutants retain wild-type levels of ATPase
and peptidolysis activities but exhibit sharply reduced proteolysis activities indicate that
the the peptidolytic and ATP hydrolytic activities are intact, but suggest that they have
become decoupled from translocation.
Kinetic characterization of D2 mutants during autodegradation is also consistent
with uncoupling of ATP hydrolysis and processive proteolysis. The CIpA mutants lose
most of their ability to degrade casein when autodegradation can occur, suggesting that
ClpA's axial pores are blocked by ClpA subunits bound as substrate. However, under the
same conditions, the mutants' ability to digest succinyl-Leu-Tyr-AMC is only slightly
impaired and their ATPase activity is slightly enhanced (Figures 3-3c and 3-3a,
respectively). These observations suggest that the mutants remain bound to substrate
ClpA subunits after degradation of the relatively unstable N-terminus, and that the bound
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complexes continue to be competent for ATP hydrolysis and amide bond hydrolysis even
though they are not competent for further autodegradation or caseinolysis.
Effects of Y540 Mutations on the Kinetic Stability of the Pre-Hydrolytic High-Affinity
Substrate Binding Conformation. The previously proposed affinity-switch mechanism
for translocation (Farbman et a!, 2007) suggests how the ATPase catalytic cycle might
become uncoupled from translocation in the CipA pore loop mutants. In this mechanism,
the protein or peptide substrate binds to the D2 loop with high affinity at the apical CIpA
pore in the pre-hydrolytic state, but with low affinity after the loop/substrate complex has
moved through the pore following ATP hydrolysis. The motion of the substrate is
therefore coupled to the ATPase catalytic cycle. However, if mutation of Y540 disrupts
the loop-substrate interaction in the pre-hydrolytic state, efficient translocation will be
impaired. Disruption of the high-affinity state would increase the probability that the
substrate is released without being translocated, uncoupling ATP hydrolysis from
substrate translocation.
Single-molecule fluorescence experiments support the hypothesis that mutations
at Y540 destabilize the high-affinity, pre-hydrolytic loop-substrate complex. The Y540A
and Y540C mutants in the ATPyS-bound state (mimicking the pre-hydrolytic
conformation) exhibit substrate association times that are much shorter than those
exhibited by wild-type ClpA. Faster dissociation of the substrate from the loop during
loop movement would reduce the efficiency of translocation (defined as
ktransIocl(kransoc+kdissoc), where kransl.o is the translocation rate constant and kdissoc is the
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dissociation rate constant), thereby uncoupling active translocation from ATP hydrolysis.
It is likely that substrate dissociation from the Y540 mutants in the active nucleotide-
hydrolyzing condition also occurs from the low-affinity ADP-bound state as it does from
wild-type ClpA. However, the uncoupling of active translocation from ATP hydrolysis
in the mutants suggests that the substrate often dissociates from the mutants prior to being
moved through the ClpA central channel.
The Y540A and Y540C mutations may also interfere with the D2 loop's ability to
form an initial, pre-bound complex with substrate. Many biological binding reactions can
be described as a pre-equilibration to form an initial, low-affinity complex, followed by a
conformational change to form a stable complex (Johnson, 1992; Fersht, 1985). Such a
two-state binding mechanism has been suggested for ClpX, for which a metastable, short-
lived intermediate has been observed during the processing of ssrA-tagged substrates
(Martin et al, 2008). In the previous study on wild-type CIpA binding to Cy3-ssrA, a
very short-lived state (T = 170 _ 40 ms) was observed in the presence of ATPyS (but not
ATP) and proposed to represent a low-affinity compiex that equilibrates with the stable
high-affinity complex. This short-lived state is not observed for the Y540C and Y540A
mutants. (We note that some binding events take place on this time scale, but the overall
distributions for both mutants are fitted best to single-exponential curves with ~- 1000
ms). It therefore seems likely that the conserved tyrosine residue of the GYVG pore
motif (Y153 in ClpX, Y540 in ClpA) contributes to formation of the short-lived pre-
bound complex. Formation of a short-lived pre-bound complex may help the enzyme
achieve a high rate of association with its substrate; if so, the inability of the loop mutants
to form this complex would also contribute to their deficits in processing substrates.
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Figure 3-5. Model for substrate processing. (Above) The enzyme (E) binds ATP and
then substrate to form a putative pre-binding complex E-ATP-S* that is in equilibrium
with a higher affinity, more tightly bound complex E-ATP-Sm. Active ATP hydrolysis
drives an iterative cycling process. Some cycles will result in an increase in the position
'm' (i.e., n>O), partially translating the substrate partially through the central pore. Other
cycles will result in ineffective ATP hydrolysis, such that n=O and the position m does
not change (i.e., the substrate is not moved with respect to the pore). Product is released
when the substrate has been completely translocated through the central pore. (Below)
Cartoon depiction of loop movement in ClpA. The loop movement conformational
change associated with ATP hydrolysis may be coupled to an effective translocation step
for substrate, or the substrate may dissociate before the conformational change,
preventing effective translocation. Partitioning between these two possibilities is a
function of the stability of the pre-hydrolytic state (i.e., how tightly the loop holds on to
substrate in the ATP-bound state).
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A Model for the Effects of Y540 Mutations on Translocation.
The previous observation of wild-type ClpA's substrate affinity switch helped to explain
its ability to processively unfold and translocate protein substrates. Here we have
demonstrated that this affinity switch is perturbed in Y540 pore mutants, significantly
destabilizing the pre-hydrolytic state. We hypothesize that this destabilization effectively
uncouples ATPase activity from proteolysis (Figure 3-5). As in the wild-type ClpA, ATP
hydrolysis in the mutants fuels the conformational changes between the states, but these
conformational changes are decoupled from effective translocation due to a weaker "grip"
in the pore loop mutants, thus increasing the probability of non-productive ATP
hydrolysis. This model is also consistent with the observation that mutation of Y540
does not impair ATP hydrolysis and, under active turnover conditions, can even
accelerate it.
This model for the role of Y540 in translocation further suggests that interactions
between Y540 and other regions of CIpA are important in maintaining the kinetic
stability of the pre-hydrolytic complex. One possible region of interaction is the DI
sensor region, which has also been implicated as a substrate-binding region (Hinnerwisch
et al, 2005). Further structural and functional studies will be required to test this
hypothesis.
3.6 SUPPORTING MATERIALS
To verify that formation of the observed autodegradation product is dependent upon ATP
hydrolysis, we repeated the gel-based experiment in the presence of the non-hydrolzable
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ATP analog ATPyS. The autodegradation product is not observed under these conditions
(Figure S- ).
Full gels from which relevant bands were excised are shown in Figures S-2 and S-3.
Figure S-4 shows the signal strength of the ionized peptides detected for the two samples.
The peptides detected for the autodegradation product are of approximately the same
strength as those detected for the intact CIpA. This suggests that the lack of signal in the
N-terminal region of the autodegradation product is not due to lower signal intensity.
Figure S-5 shows peptides detected after Glu-C and tryptic digests of intact ClpA Y540A
(orange and red, respectively) and its autodegradation product (light blue and dark blue,
respectively) cut from polyacrylamide gels. The first peptide from the intact ClpA begins
at position 29, whereas the first peptide from the autodegradation product begins at
residue 103. Position numbers are listed at the left of each row; these do not take into
account the N-terminal 9-amino acid FLAG sequence shown in parentheses. Every tenth
position is shown in boldface.
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Y540ASOM1F
Fig S-1. ClpA bands from gel electrophoresis. Reactions were carried
out as described in Materials and Methods.
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Figure S-2. Complete gel images for mutant and wild-type ClpA
autodegradation in the presence of ATP and ATPyS. The bands that
appear at the bottom of the gels are creatine phosphokinase. Marker lane
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(M) shows proteins with molar masses of 250, 150, 100, 75, 50, and 25
kDa.
Figure S-3. Complete gel images for casein degradation by ClpAP in the
presence of ATP. Marker lane (M) shows proteins of 250, 150, 100, 75,
50, 25, 20, and 15 kDa. Casein bands on each gel are indicated by an
arrow. Other proteins visible on the gels are ClpA (~80 kDa), creatine
phosphokinase (-28 kDa), an impurity in the creatine phosphokinase (-21
kDa), and ClpP (-15 kDa).
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Figure S-4. Signal strength of detected peptides. Red marks indicate peptides detected
from the intact ClpA sample; blue marks indicate peptides detected from the
autodegradation product.
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Figure S-5. Peptide map of intact ClpA Y540A and its autodegradation product.
125
3.7 REFERENCES
Bohon, J., Jennings, L. D., Phillips, C. M., Licht, S., and Chance, M. R. (2008)
Synchrotron protein footprinting supports substrate translocation by ClpA via ATP-
induced movements of the D2 loop, Structure, in press
Choi, K. H., and Licht, S. (2005) Control of peptide product sizes by the energy-
dependent protease ClpAP, Biochem. 44, 13921-13931.
Farbman, M. E., Gershenson, A., and Licht, S. (2007) Single-molecule analysis of
nucleotide-dependent substrate binding by the protein unfoldase ClpA, J. Am. Chem. Soc.
129, 12378-12379.
Fersht, A. (1985) Measurement and magnitude of enzymatic rate constants, in Enzyme
Structure and Mechanism, 2 nd ed., pp 121-154.
Friedman, L. J., Chung, J., and Gelles, J. (2006) Viewing dynamic assembly of
molecular complexes by multi-wavelength single-molecule fluorescence, Biophys. J. 91,
1023-1031.
Gottesman, S., Clark, W. P., and Maurizi, M., R. (1990) The ATP-dependent Clp
protease of Escherichia coli: sequence of ClpA and identification of a Clp-specific
substrate, J. Biol. Chem. 265, 7886-7893.
Gottesman, S., Maurizi, M. R., and Wickner, S. (1997) Regulatory subunits of energy-
dependent proteases, Cell 91, 435-438.
Gottesman, S., Roche, E., Zhou, Y. N., and Sauer, R. T. (1998) The ClpXP and ClpAP
proteases degrade proteins with carboxy-terminal peptide tails added by the SsrA-tagging
system, Genes Dev. 12, 1338-1347.
Guo, F., Maurizi, M. R., Esser, L., and Xia, D. (2002) Crystal structure of ClpA, an
Hsp100 chaperone and regulator of ClpAP protease, J. Biol. Chem. 277, 46743-46752.
Hinnerwisch, J., Fenton, W. A., Furtak, K. J., Farr, G. W., and Horwich, A. L. (2005)
Loops in the central channel of ClpA chaperone mediate protein binding, unfolding, and
translocation, Cell 121, 1029-1041.
Ishikawa, T., Beuron, F., Kessel, M., Wickner, S., Maurizi, M. R., and Steven, A. C.
(2001) Translocation pathway of protein substrates in ClpAP protease, Proc. Natl. Acad.
Sci USA 98, 4328-4333.
Ishikawa, T., Maurizi, M. R., and Steven, A. C. (2004) The N-terminal substrate-binding
domain of ClpA unfoldase is highly mobile and extends axially from the distal surface of
ClpAP protease, J. Struct. Biol. 146, 180-188.
Johnson, K. A. (1992) Transient-state kinetic analysis of enzyme reaction pathways,
The Enzymes 20, 1-61.
126
Jones, L. J., Upson, R. H., Haugland, R. P., Panchuk-Voloshina, N., Zhou, M. (1997)
Quenched BODIPY dye-labeled casein substrates for the assay of protease activity by
direct fluorescence measurement, Anal. Biochem. 251, 144-152.
Kessel, M., Maurizi, M. R., Kim, B., Kocsis, E., Trus, B. L., Singh, S. K., and Steven, A.
C. (1995) Homology in structural organization between Escherichia coli CIpAP protease
and the eukaryotic 26S proteasome, J. Mol. Biol. 250, 587-594.
Lee, C., Schwartz, M. P., Prakash, S., Iwakura, M., and Matouschek, A. (2001) ATP-
dependent proteases degrade their substrates by processively unraveling them from the
degradation signal, Mol. Cell 7, 627-637.
Licht, S., and Lee, I. (2008) Molecular machines: from conformational changes to
substrate translocation and processivity, Biochem., 47, 3595-3605.
Martin, A., Baker, T. A., and Sauer, R. T. (2008) Diverse pore loops of the AAA+ ClpX
machine mediate unassisted and adaptor-dependent recognition of ssrA-tagged substrates,
Mol. Cell 29, 441-450.
Maurizi, M. R., Thompson, M. W., Singh, S. K., and Kim, S. H. (1994) Endopeptidase
Clp: ATP-dependent Clp protease from Escherichi coli, Meth. Enzvmol. 244, 314-331.
Neuwald, A. F., Aravind, L., Spouge, J. L., and Koonin, E. V. (1999) AAA+: A class of
chaperone-like ATPases associated with the assembly, operation, and disassembly of
protein complexes, Genome Res. 9, 7-43.
Ogura, T. and Wilkinson, A. J. (2001) AAA+ superfamily ATPases: common structure,
diverse function, Genes Cells 6, 575-597.
Park, E. Y., Rho, Y. M., Koh, O. J., Ahn, S. W., Seong, I. S., S ong, J. J., Bang, O., Seol,
J. H., Wang, J. M., Eom, S. H., and Chung, C. H. (2005) Role of the GYVG pore motif
of HslU ATPase in protein unfolding and translocation for degradation by HslV
peptidase, J. Biol, Chem. 280, 22892-22898.
Qin, F., Auerbach, A., and Sachs, F. (1996) Estimating single-channel kinetic parameters
from idealized patch-clamp data containing missed events, Biophys. J. 70, 264-280.
Schirmer, E. C., Glover, J. R., Singer, M. A., and Lindquist, S. (1996) Hspl00/Clp
proteins: a common mechanism explains diverse functions, Trends Biochem. Sci. 21,
289-296.
Seol, J. H., Yoo, S. J., Kim, K. I., Kang, M. S., Ha, D. B., and Chung, C. H. (1994) The
65-kDa protein derived from the internal translation iniation site of the ClpA gene
inhibits the ATP-dependent protease Ti in Escherichia coli, J. Biol. Chem. 269, 29468-
29473.
Siddiqui, S. M., Sauer, R. T., and Baker, T. A. (2004) Role of the processing pore of the
ClpX AAA+ ATPase in the recognition nd engagement of specific protein substrates,
Genes Dev. 18, 369-374.
127
Singh, S. K., and Maurizi, M. R. (1994) Mutational analysis demonstrates different
functional roles for the 2 ATP-binding sites in ClpAP protease from Escherichia coli, J.
Biol. Chem. 269, 29537-29545.
Sprangers, R., Gribun, A., Hwang, P. M., Houry, W. A., and Kay, L. E. (2005)
Quantitative NMR spectroscopy of supramolecular complexes: dynamic side pores in
ClpP are important for product release. Proc. Natl. Acad. Sci. USA 102, 16678-16683.
Susi, H., Timasheff, S. N., and Stevens, L. (1967) Infrared spectra and protein
conformations in aqueous solutions: the amide I band in H20 and D20 solutions, J. Biol.
Chem. 242, 5460-5466.
Wang, J., Song, J. J., Franklin, Mvl. C., Kamtekar, C. S., Im, Y. J., Rho, S. H., Seong, I. S.,
Lee, C. S., Chung, C. H., and Eom, S. H. (2001) Crystal structures of the HslVU
protease-ATPase complex releal an ATP-dependent proteolysis mechanism, Structure 9,
177-184.
Weber-Ban, E. U., Reid, B. G., Miranker, A. D., and Horwich, A. L. (1999) Global
unfolding of a substrate protein by the Hsp 100 chaperone ClpA, Nature 401, 90-93.
Weibezahn, J., Tessarz, P., Schlieker, C., Zahn, R., Maglica, Z., Lee, S., Zentgraf, H.,
Weber-Ban, E. U., Dougan, D. A., Tsai, F. T., Mogk, A., and Bokau, B. (2004)
Thermotolerance requires refolding of aggregated proteins by substrate translocation
through the central pore of ClpB, Ceil 119, 653-665.
128
Chapter Four
ClpA as an Autodisaggregase?
4.1 ABSTRACT
ClpA's autodegradation properties and ability to disaggregate luciferase in vitro are well
established (Gottesman et al, 1990; Wickner et al, 1994). The studies presented here
explore ClpA's autocatalytic characteristics further and in particular focus on whether
ClpA can regulate itself as an autodisaggregase. The solubility properties during and
after heat shock were investigated, as was the supramolecular structure of ClpA
aggregates. Ultimately, ClpA's solubility was found to be ATP-dependent, but the
protein was found not to catalyze its own disaggregation reaction.
4.2 INTRODUCTION
Many Clp/Hsp 100 proteins form complexes with proteolytic proteins in vivo to assist in
the degradation of misfolded proteins and regulatory proteins with short half-lives
(Hoskins et al, 2002; Schirmer et al, 1996). Squires and Squires first suggested in 1992
that this family of proteins might also function as molecular chaperones because they
possess many traits of previously known unfoldases. Subsequent studies have shown that
Clp proteins serve as protein quality control -actors in the cell, refolding and/or
hydrolyzing proteins that were damaged by oxidative stress, underwent aggregation due
to prolonged heat exposure, or whose assembly was stalled on the ribosome (Wickner et
al, 1999). That chaperone proteins are found in all three domains of life attests to the
importance of the role they play in vivo.
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One of the first CIpA substrates discovered was CIpA itself: in 1990, Gottesman
and coworkers reported an in vivo half life for the protein of approximately one hour.
Since then, the Bukau group has reported a longer half-life of more than two hours
(Dougan et al, 2002), though in both cases the in vivo half life is not definitively linked to
autodegradation. The kinetics of ClpA autodegradation are unknown; rate constants have
yet to be determined, and it is not known whether ClpAP degrades ClpA hexamers or
transiently formed ClpA monomers. ClpS, an adaptor protein for ClpA, inhibits ClpA
autodegradation in vivo and in vitro, apparently binding to ClpA's N-domain (Dougan et
al, 2002). Further evidence for the importance of the N-domain comes from an early
study by the Chung group whereby a 65 kDa portion of ClpA missing the first 168
residues (effectively a AN-domain mutant) inhibits autodegradation of the full ClpA
protein. The shorter version is created by an internal translational start codon at the 1 69 th
residue (Seol el al, 1994). Presumably the role of ClpA autodegradation in vivo is
regulatory, but further work must be done to determine other factors in this regulatory
pathway.
In addition to their role in proteolysis, most Clp proteins display some
disaggregation properties in vitro, and several have been observed to disassemble protein
aggregates caused by heat shock in vivo. ClpB, which shares a significant sequence
homology to ClpA, cooperates with the DnaJ/DnaK chaperone system to disaggregate
proteins damaged from heat shock. Polypeptide chains are continuously extracted from
the aggregate and threaded through the central pore (Weibezahn et al, 2004; Schlieker et
al, 2004). ClpB's S. cerevisiae homolog, Hspl04, also cooperates with DnaJ/DnaK to
rescue previously aggregated proteins (Glover and Lindquist, 1998). ClpE is a recently
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identified heat shock protein in Bacillus subtilis whose expression is increased 10-fold
upon heat shock, though its substrates remain unknown (Derr6 et al, 1999). ClpA also
displays some characteristics of heat shock proteins: ClpA both protects the P1 phage
encoded RepA from heat inactivation and prevents heat-induced aggregation of firefly
luciferase in vitro, though it is unable to reactivate previously formed luciferase
aggregates (Wickner et al, 1994). The role ClpA plays in preventing aggregation during
heat stress in vivo remains uncertain. clpA- strains appear to have the same phenotype as
wildtype bacteria under most circumstances (Squires and Squires, 1992), though this may
be due to up-regulation of other heat shock chaperones.
One question that has interested our lab is whether ClpA, being able to unfold other
ClpA molecules, can disassemble ClpA aggregates caused by heat shock or low-salt
conditions. To carry out these studies, we verified the phenomenon of ClpA
autodegradation in vitro, studied ClpA solubility properties at various ionic strengths in
the presence and absence of ATP, and attempted to characterize the structure of ClpA
aggregates. Furthermore, we looked at the solubility properties of ClpA K501R, a
previously characterized ATPase-deficient mutant (Singh and Maurizi, 1994).
4.3 METHODS
4.3.1 Heat denaturation of ClpA
Heat denaturation experiments were conducted to determine whether ClpA actively
prevents its own heat denaturation and/or heat-induced aggregation. Samples containing
2 gM ClpA were heated to 55°C or 65 0 C in the presence of ATP, ATPyS, or no
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nucleotide in a PTC150 Minicycler equipped with a heated lid for thirty minutes.
Samples were then analyzed for remaining ATPase activity using an ATPase assay
described previously (see chapter 2).
4.3.2 ClpA solubility assays
To determine the solubility characteristics of CIpA, 100 ug of the protein was dissolved
in Buffer B-0 (50 mM HIEPES at pH 7.5. 20 mM MgC! 2, 0.1% NP-40 substitute, and
10% glycerol) to a total volume of 125 pL. In some experiments, ATP (2 mM) and an
ATP-regenerating system (20 mM creatine phosphate plus 0.1 mg/mL creatine kinase)
were also included. The samples were incubated for five minutes at 370C and were
subsequently centrifuged for ten minutes at 10,000*g. Pellets were resuspended in Buffer
B-0 with 300 mM KCI; supernatants and resuspended pellets were then analyzed by
SDS-PAGE densitometry using bovine serum albumin as a standard. Results for the
K501R mutant were compared against similar data for ClpA-WT.
4.3.3 Congo red assays
The amyloid-staining dye Congo red was used to delermine whether ClpA aggregates
have any amyloid fibril-like character. A mixture of 12 nmol ClpA in Buffer B-0 (50
mM HEPES (plH 7.5), 20 mM MgC12, 0.1% NP-40 substitute, and 10% glycerol) (total
volume of 190 pL) was incubated for five minutes at room temperature. Insoluble ClpA
was separated by centrifugation (20 min at 10,000*g). The pellet containing ClpA was
resuspended in 100 [tL of buffer containing 50 mM HEPES (pH 7.5), 20 mM MgCl 2,
0.1% NP-40 substitute, and 10% glycerol. 'This sample was added to 899 pL Congo red
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buffer (5 mM potassium phosphate (pH 7.5), 150 mM NaC1) and 1 pL of a 10 mM
solution of Congo red. After a thirty minute incubation period, the visual spectrum (400-
700 nm) of this solution was obtained and compared against the spectrum of a control
solution consisting of 899 pL Congo red buffer, 1 jaL Congo red, and 100 pL of sample
buffer only.
4.3.4 Thioflavin T assays for ClpA amyloid character
ClpA aggregates were formed by precipitating 0.5 nmol ClpA 6 in 500 jL Buffer B-0;
samples were spun for 20 minutes at 10,000*g, and the resulting pellets were
resuspended in 50 [L Buffer B-0. Samples were then analyzed according to the method
described by Nilsson (2004); briefly, 10 tL of precipitated protein sample were added to
90 pL of a solution containing 0.05 rnmr Thioflavin T in Buffer B-0; fluorescence
measurements (,x = 440 nm, ,,, = 482 nm, cut-off at 455 nm, Molecular Devices
spectraMax GeminiXS) were taken at room temperature (22.5"C) and compared against a
sample of equivalent amount of Thioflavin T alone.
4.3.5 Electron microscopy to study CtpA aggregates
Samples were prepared by diluting ClpA to i mg/mL in 50 mM TrisHCI (pH 7.5), 1 mM
EDTA, and 20 mM MgC12 with and without 5 mM ATP. The samples were then
incubated for 5 min at 37oC to form aggregates. To prepare EM samples, a ten microliter
drop of protein sample is placed onto clean Parafilm, and a 200 mesh carbon-coated
copper grid (EMS CF200-Cu) is placed face down, on top of the sample. After 30
seconds, the grid is inverted and washed with 2% uranyl acetate (UA) that has been
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forced through a 0.2 tm filter; approximately 10 drops of this solution are used for this
washing step. Excess UA is drzwn off the grid with #50 Whatman paper. The grid is
allowed to dry, carbon-side up, in a petri dish for -1 min. Specimens were observed in a
Philips transmission electron microscope EM 4 0 instrument at 16,900x magnification at
the W. M. Keck Microscopy Facility of the Whitehead Institute.
4.4 RESULTS AND DISCUSSION
4.4.1 Heat denaturation of ClpA
We initially studied the enzymatic activity of ClpA after heat stress to determine whether
ClpA autounfolds itself in an ATP-dependent manner as a response to heat shock. ClpA
samples that were heated to 55°C for ten minutes in the presence of ATP retained about
80% of their ATPase activity; activity was slightly lowered when heated in the presence
of ATPyS and essentially non-existent when heated in the absence of nucleotide (Figure
4-1). All samples heated to 65C for ten minutes lost ATPase activity, regardless of
nucleotide present (data not shown). These studies suggest that ATP binding but not
hydrolysis is required for ClpA's enzymatic activity to be retained at 550C. How does
ClpA retain its activity during heat exposure? An enzymatic auto-unfolding or auto-
refolding reaction, which would presumably require ATP hydrolysis, is ruled out since
hydrolysis is not required to retain ClpA's activity after heat treatments at 550C (Figure
4-1). It is likely, then, that conformational changes occurring during ATP binding protect
the protein from denaturation; ClpA hexamers, which are formed when ATP or ATPyS is
present, are more stable to denaturation at 550C than are ClpA monomers, the dominant
protein form when nucleotide is absent.
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To determine whether ClpA could disaggregate pre-formed aggregates, ClpA (80
pmol) and ATP (800 tmol) was added to an equimolar amount of sample heated with no
nucleotide, as described above. The mixture was incubated at 370 C for thirty minutes,
and the specific activity was measured immediately afterwards. If unheated ClpA can
"cure" ClpA aggregates to form properly refolded protein, then the specific activity of the
sample would be expected to attain the same value prior to heating. If, on the other hand,
ClpA cannot disaggregate an equimolar amount of ClpA heat-induced aggregates, then
the specific activity would be expected to be one half the original value. The
experiment's results, shown in the far right set of bars of Figure 4-1, point towards the
latter case: unheated ClpA does not appear to be able to disassemble ClpA aggregates.
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Figure 4-1. ATPase specific activity before and after
heating at 550C for ten minutes. Hatched bars - before
heating; gray bars - after heating; black bar - with new
ClpA added. Activity measurements were taken at 370 C.
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4.4.2 ClpA solubility
Previous studies, from our lab and others (Hwang et cal, 1987) have demonstrated that
ClpA precipitates at low salt concentrations and slowly re-dissolves at higher ionic
strengths. In addition, our lab's studies have shown a strong solubility dependence on
ATP, i.e., ClpA is soluble even at very low ionic strengths in the presence of
hydrolyzable nucleotide (Figure 4-2). This, in conjunction with the understanding that
ClpA can unfold itself, led us to hypothesize that ClpA may actively regulate its
solubility properties in ai ATP-dependent manner. The first experiments conducted
attempted to determine whether ClpA aggregates have any ordered structure, amyloid-
like or otherwise. An ordered structure would presumably allow more rapid unfolding
and resolubilization, though an unordered precipitate does not rule out the possibility of
active ClpA regulation of its own solubility. Solubility studies on a Domain II ATPase
deficient mutant, ClpA K501R, were used to determine whether the surprising solubility
properties of ClpA are dependent upon ATP hydrolysis (described in detail below).
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I- +ATP --- ATP - +ADP -- +ATPyS
Figure 4-2. Insolubility of ClpA. 125 pg ClpA is incubated
in Buffer B-0 (50 mM HEPES (pH 7.5), 20 mM MgC12,0.1% NP-40 substitute, and 10% glycerol) with varying
concentrations of KCl and 0 or 2 mM nucleotide. Samples
with ATP also included an ATP-regenerating system. Data
provided by Amy Weeks.
4.4.3 Aggregate Structure
Aggregates were subjected to Congo red and Thioflavin T assays to determine whether
they possess any amyloid-like character. Congo red is a well-characterized dye used to
demonstrate the presence of amyloid fibrils in histological samples. The dye is thought
to bind the beta sheets that characterize amyloid proteins, thereby altering the dye's
electronic structure and, consequently, its visible absorption spectrum (Klunk et al,
1989a). A maximal spectral difference in the dye absorption spectra occurs at 540 nm
for amyloid-containing samples (Klunk et al, 1989b). The benzothiazole dye Thioflavin
T selectively stains amyloid structures present in histological samples and those prepared
in vitro. Like Congo red, the molecule undergoes a spectral change upon binding to
amyloid fibrils; its excitation and emission spectra undergo red shifts that are not
137
I UUV
*; 90
: 80
c 70
4 60
3 50
0 40
S30
2 20
I. 10
0
l] (mM)800[KCI] (mM)
rnn
0 400 800
observed in the presence of oligomer complexes and/or high 3-sheet content (Levine,
1999). ClpA aggregates gave negative results for both the Congo red and Thioflavin T
assays, indicating that the aggregates have no amyloid character.
To further assess the character of the ClpA aggregates, electron microscopy
studies were conducted. EM images of ClpA in the absence of ATP vary greatly from
those of ClpA with ATP present. When nucleotide is absent, large thread-like structures
are seen throughout the fields of view (Figure 4-3); no such structures were observed for
the ClpA sample prepared with ATP. No statistical analysis was conducted on the
images, but qualitatively, the absence of these thread-like structures in the +ATP
condition was strikingly different from the presence of these structures in the -ATP
condition. The thread-like structures vary significantly in size, ranging from 0.1-1.5 Jtm
in diameter; the shapes of the structures are also variable. The diameter of the thread
itself is approximately 20 ± 10 nm, large enough to accommodate 5-10 ClpA monomers
across. The EM images confirm that the ClpA aggregates have no amyloid structure.
Whether the threads seen in the images are constructed of ClpA monomers or dimers in
an orderly manner remains to be determined. CryoEM images of ClpA and ClpAP have
been taken with resolutions approximately ten times higher than the images we have
collected to date. In order to determine the internal structure of the ClpA aggregate
threads, a technique with imaging capabilities of higher resolution would be necessary.
138
Figure 4-3. Two sample electron micrographs
of ClpA aggregates, both in the absence of
ATP. Scale bar is 200 nm.
4.4.4 Solubility Properties of the K501R Mutant.
Previous data from our lab has shown that ClpA is soluble at low salt concentrations in
the presence of ATP but not ATPyS; in the absence of this nucleotide, ClpA solubility
decreases substantially. Thus, it was expected that an ATPase deficient mutant would be
insoluble at low salt concentrations whether or not ATP is present. We were surprised to
find, then, that the mutant solubility behavior was essentially that of the wildtype protein
(Figure 4-4). This data points to a model whereby the ATP-dependent solubility of ClpA
in low salt solutions hinges on ATP binding and hydrolysis in Domain I.
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Figure 4-4. Solubility of untagged CIpA wildtype (gray
bars) and K501R mutant (hatched bars).
4.4.5 Effect of FLAG tag on CIpA solubility.
The first ClpA K501R mutant we prepared ccntained an N-terminal FLAG tag. This
mutant, like its untagged equivalent discussed above, is soluble in the presence of ATP at
low ionic strengths. In addition, the FLAG-tagged ClpA K501R mutant is somewhat
soluble even in the absence of ATP (Figure 4-5). To determine whether this unexpected
result is due to the FLAG tag, we then tested the solubility properties of FLAG-tagged
wildtype ClpA; we found that this protein is 98% soluble in the absence of nucleotide.
This is in stark contrast to untagged wildtype ClpA, which is less than 20% soluble when
ATP is absent (Figure 4-5).
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Figure 4-5. Solubility of [ip with and without F: AG tag
in 0 mM KCl solution. Hat~c: d bars - ClpA W7!', i Cay
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The added FLAG tag is a of nine mostly cl :: amino acids (DYKDDDDKI).
The charged nature of the tag is expected to have sr ,me effect on a protein's solubility,
but the fact that this tag represents only 1% of the primary sequence of the ClpA
monomer suggests that this e~c-ct would be minima. Theoretical calculations suggest
that the pI of ClpA is lowered -,y only 0.15 with t :: addition of a FLAG tag, from 5.91 to
5.76. Despite these argunr . the experimental ' :ce demonstrates a large effect by
addition of the FLAG tag; presumably, its placemc;i:t at the tip of the largely hydrophobic
N-domain is an important facto-:. Though the FLA li-tagged ClpA is not a physiological
state, it demonstrates that the solubility of the CIF.. ' complex is finely tuned by
electrostatics.
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4.5 CONCLUSIONS
The hypothesis inspiring the experiments described above centered on whether ClpA is
capable of disaggregating itse il in an enzymac fashion ClpA, when complexed with
ClpP, can autocatalyze its own proteolysis (Gottesman e-t al, 1990); experiments
described in chapter 3 showed that the degrad!ation is initiated from ClpA's N-terminus.
Heat denaturation experiments demorstrated 2hat CipA does not undergo an enzymatic
auto-unfolding reaction upon incubation at 55°C, nor is CIpA capable of rescuing heat-
induced ClpA aggregates. We sought to determine whether the structure of ClpA
aggregates created by low-.salt precipitation is regular, with the thought that an ordered
structure may be easier to rapidly disaggreg2te than a disordered structure. The electron
micrographs of ClpA demonstrate that ClpA ag gregates are chiefly composed of thread-
like clumps; the internal organization of the ClpA molecules that form these threads
remains unknown. Because the apparent disordered structure of the aggregates does not
rule out a ClpA autodisassembling reaction, we used the ATPase deficient ClpA K501R
mutant for experiments determining the dependence of CipA's aggregation on its ATP
hydrolysis rate. Finally, we investigated the effiect of the negatively charged N-terminal
FLAG tag on the solubility of CIpA; this experiment demonstrated that the solubility of
ClpA is highly tuned by electrostatics. Together, these studies lead us to conclude that
though ClpA has interesting solubility properties, they do not appear to be reliant on
ATP-hydrolysis; CipA does not participate in auto-disaggregation reactions.
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